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ABS TRACT 
This investigation i s  concerned with the diffraction of high 
frequency radio waves by inhomogenities of electron density in the 
ionosphere with particular emphasis on the effects of the inhomogeneities 
on the phase of the received signals.  
Instrumentation i s  described which measures  the amplitude 
and phase variations of the received signals a t  th ree  stations spaced 
approximately 2.  5 k m  apar.t on the ground. Analytic techniques a r e  
discussed which can yield measures  of the ground pattern velocity 
s ize ,  and orientation f r o m  these measurements .  
To determine the relationship between the ground parameters  
and the form of the ionospheric disturbances causing them, the problem 
of the diffraction of a wave by a thin phase sc reen  i s  investigated. 
Both a cosinusoidal phase variation, and a random variation of phase 
with position a r e  considered. It i s  shown that close to the screen ,  the 
phase pattern will maintain the fo rm of the variations in the s c r e e n  
m o r e  closely than will the amplitude patte-n, especially when the 
phase variations introduced by the sc reen  a r e  l a rge ,  
The resu l t s  of the experiments show that the i r regular i t ies  
responsible for  the scintillation of satell i te signals observed during 
the hours of darkness  a r e  located a t  heights of 400 to 700 k m  above 
the Ear th ' s  surface.  The height s t ruc ture  i s  very  complex. The 
amplitude and phase patterns on the ground a r e  both elongated in the 
direction which would be expected i f  the i r regular i t ies  which a r e  
responsible a r e  great ly  elongated along the Earth '  s magnetic field- 
The i r regular i t ies  have scale  s izes  in the direction t ransverse  to the 
magnetic field of approximately 2 to 3 k m  a s  obtained f r o m  phase 
i 
measurements .  The total r m s  phase shifts in the incident wave due 
to the i r regular i t ies  a r e  character is t ical ly  1. 5 to 3 radians.  The 
t ransverse  sca le  s izes  a s  deduced f r o m  amplitude measurements  a r e  
typically a factor of 4 to 7 t imes smal le r  than the s izes  obtained f r o m  
the phase measurements .  This condition would be expected in view 
of the high phase deviations observed, and in view of the fact  that the 
amplitude pat tern i s  largely caused by smal le r  s ize components of the 
spectrum of inhomogeneities. 
I. INTRODUCTION 
1.1 H i s t o r i c a l  Background 
It was recognized a t  an e a r l y  d a t e  t h a t  t h e  ionosphere 
could n o t  always b e  considered t o  be a  medium whose p r o p e r t i e s  
changed only  slowly wi th  d i s t ance .  Among t h e  f i r s t  t o  recognize  
t h i s  f a c t  were R a t c l i f f e  and Pawsey (1933), who showed t h a t  some 
of t he  i r r e g u l a r  f l u c t u a t i o n s  which were commonly observed i n  t h e  
amplitude of s i g n a l s  r e f l e c t e d  from t h e  ionosphere could be  
a t t r i b u t e d  t o  s c a t t e r i n g  from inhomogeneities i n  ionospher ic  
r e f r a c t i v e  index. They suggested t h a t  simultaneous r ecep t ion  of 
s i g n a l s  a t  r e c e i v e r s  spaced some d i s t a n c e  a p a r t  on t h e  ground was 
a  va luable  technique i n  t h e  s tudy of t hese  inhomogeneities.  It 
was soon r e a l i z e d  t h a t  measurements of inhomogeneity movements 
could provide a  method of determining t h e  c h a r a c t e r i s t i c s  of 
ionospheric  winds, and Mitra  (1949) e s t ab l i shed  a  simple mathe- 
ma t i ca l  technique f o r  deducing wind v e l o c i t i e s  from measurements 
made a t  t h r e e  noncol inear  ground s t a t i o n s .  
L i t t l e  and Love11 (1950) discovered t h a t  f l u c t u a t i o n s  i n  
t h e  amplitude of r a d i o  s i g n a l s  received from t h e  r ad io  s t a r  Cygnus 
were due t o  ionospher ic  inhomogeneities.  They pos tu l a t ed  t h a t  t h e  
i r r e g u l a r i t i e s  which were respons ib le  f o r  t he  f l u c t u a t i o n s  were 
s i t u a t e d  i n  t h e  F reg ion  of t he  ionosphere and had dimensions on 
t h e  order  of a  k i lometer .  Hewish (1951) attempted t o  i n v e s t i g a t e  
t h e o r e t i c a l l y  t h e  ampl i tude  and phase  f l u c t u a t i o n s  which would be  
imposed on a  p l a n e  wave a f t e r  p a s s i n g  through a  s i n u s o i d a l  phase  
modulat ing s c r e e n .  A s  a  r e s u l t  of  t h e s e  s t u d i e s  and e x p e r i m e n t a l  
measurements performed a t  Cambridge, England, h e  e s t i m a t e d  (Hewish, 
1952) t h a t  t h e  p e r t i n e n t  i r r e g u l a r i t i e s  were l o c a t e d  a t  a  h e i g h t  of 
400 km above t h e  E a r t h ' s  s u r f a c e  and had a s p a t i a l  p e r i o d  of about  
5  km. 
Br iggs ,  P h i l l i p s ,  and Shinn (1950) developed a  f a i r l y  g e n e r a l  
t e c h n i q u e  f o r  a n a l y z i n g  d i f f r a c t i o n  p a t t e r n s  observed on  t h e  ground 
under  t h e  assumption t h a t  t h e  ground p a t t e r n  was i s o t r o p i c .  P h i l l i p s  
and Spencer (1955) g e n e r a l i z e d  t h i s  t echn ique  t o  a n i s o t r o p i c  
p a t t e r n s .  Using t h e  g e n e r a l i z e d  t echn ique ,  P h i l l i p s  (1955) was 
a b l e  t o  show t h a t  t h e  i r r e g u l a r i t i e s  were e longa ted  a l o n g  t h e  E a r t h ' s  
magnet ic  f i e l d  w i t h  a x i a l  r a t i o s  of f i v e  t o  one o r  more. The 
mathemat ica l  t echn iques  i n v o l v e d ,  and a  summary of t h e  r e s u l t s  
which had been o b t a i n e d  up t o  t h a t  t i m e  were reviewed i n  a n  a r t i c l e  
by R a t c l i f f e  (1956).  
With t h e  l aunch ing  of a r t i f i c i a l  E a r t h  s a t e l l i t e s  i n  1957, 
i t  became p o s s i b l e  t o  s t u d y  t h e  i r r e g u l a r i t y  c h a r a c t e r i s t i c s  i n  
g r e a t e r  d e t a i l .  Due t o  t h e  h i g h  v e l o c i t y  o f  t h e  s a t e l l i t e ,  any 
mot ions  of t h e  i r r e g u l a r i t i e s  themselves  could  b e  n e g l e c t e d ,  and 
t h e  i r r e g u l a r i t y  d i s t r i b u t i o n  cou ld  b e  cons idered  t o  b e  " f rozen"  
d u r i n g  t h e  p e r i o d  of o b s e r v a t i o n .  The p r e d i c t a b l e  n a t u r e  of t h e  
s a t e l l i t e  o r b i t  and t h e  monochromatic n a t u r e  of t h e  s a t e l l i t e  
r a d i o  f requency  s o u r c e s  enabled measurements t o  be performed t o  
de te rmine  t h e  i r r e g u l a r i t y  h e i g h t s  and shapes  t o  a  g r e a t e r  d e g r e e  
of accuracy  t h a n  had p r e v i o u s l y  been p o s s i b l e .  R e p r e s e n t a t i v e  
measurements by Kent (1959) ,  DeBarber (1962) ,  Jespersen  and Kamas 
(1964) ,  McClure and Swenson (1964) ,  L i s z k a  (1968) and o t h e r s  a r e  
d i s c u s s e d  i n  d e t a i l  i n  Chapter  V I I I  of t h i s  r e p o r t  where t h e y  a r e  
compared t o  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y .  
1 . 2  Genera l  S ta tement  of t h e  Problem 
A s  e a r l y  as 1952,  J o n e s ,  Millman, and Nertney (1953) had 
concluded t h a t  t h e  phase  v a r i a t i o n s  i n  t h e  r e c e i v e d  s i g n a l  might 
b e  more d i r e c t l y  r e l a t e d  t o  t h e  p r o p e r t i e s  of t h e  d i f f r a c t i n g  
medium t h a n  would t h e  ampl i tude  v a r i a t i o n s  of t h e  r e c e i v e d  s i g n a l ,  
e s p e c i a l l y  when t h e  phase  v a r i a t i o n s  i n t r o d u c e d  by t h e  inhomogene i t i e s  
i n  t h e  waves p r o p a g a t i n g  through them were l a r g e .  However, from a n  
e x p e r i m e n t a l  p o i n t  of view, t h e  measurement of t h e  ampl i tude  of t h e  
r e c e i v e d  s i g n a l  was f a r  e a s i e r  t h a n  t h e  measurement of i t s  phase ,  
and s o ,  w i t h  t h e  e x c e p t i o n  of Hewish's  e a r l y  work, n e a r l y  a l l  
measurements of i r r e g u l a r i t y  pa ramete rs  performed t o  d a t e  w i t h  
e i t h e r  s a t e l l i t e s  o r  r a d i o  stars have been r e s t r i c t e d  t o  measure- 
ments of t h e  ampl i tude  of t h e  r e c e i v e d  s i g n a l .  
The few measurements which d i d  t a k e  i n t o  account  t h e  phase ,  
a s  w e l l  as t h e  ampl i tude ,  of t h e  s i g n a l s  r e c e i v e d  on t h e  ground 
appear  t o  y i e l d  r e s u l t s  which are somewhat c o n t r a d i c t o r y .  I n  
1957, Gruber (1961) o b t a i n e d  measurements on a  phase  swi tched 
i n t e r f e r o m e t e r  which h e  c la imed cou ld  b e  i n t e r p r e t e d  i n  terms of 
t h e  ampl i tude  and phase of t h e  i n c i d e n t  wave. He observed no 
s i g n i f i c a n t  d i f f e r e n c e s  between t h e  ampl i tude  and phase  r e s u l t s .  
DeBarber, Ross,  and Chisholm (1963) r e p o r t e d  t h a t  i n  1961 few 
s i g n i f i c a n t  phase  e f f e c t s  were observed between two s t a t i o n s  
600 mete r s  a p a r t  on t h e  ground. Yet i n  1965,  Lans inger  (1966) 
o b t a i n e d  s i g n i f i c a n t  phase  v a r i a t i o n s  w i t h  a  300 m e t e r  an tenna  
spac ing .  He a l s o  observed t h a t  t h e  phase  f l u c t u a t i o n s  had more 
low frequency components t h a n  d i d  t h e  ampl i tude  f l u c t u a t i o n s  
observed s i m u l t a n e o u s l y .  
Although p a r t  o f  t h e  v a r i a t i o n  i n  r e s u l t s  i s  probably  due 
t o  d i f f e r e n t  forms of i n s t r u m e n t a t i o n ,  d i f f e r e n t  g e o g r a p h i c a l  
s t a t i o n  l o c a t i o n s ,  and d i f f e r e n t  s o l a r  c y c l e  c o n d i t i o n s ,  i t  i s  
s t i l l  f e l t  t h a t  t h e  measurement of t h e  phase  s c i n t i l l a t i o n  of 
s a t e l l i t e  s i g n a l s  p a s s i n g  through t h e  ionosphere  is  of s u f f i c i e n t  
i n t e r e s t  t o  w a r r a n t  f u r t h e r  i n v e s t i g a t i o n .  
1 . 3  S p e c i f i c  S ta tement  of t h e  Problem 
The purpose  of t h i s  i n v e s t i g a t i o n  was t o  de te rmine  t h e  
ampl i tude  and phase  c h a r a c t e r i s t i c s  a t  t h e  ground of a  s a t e l l i t e  
s i g n a l  which had propagated through a  l a y e r  of i o n o s p h e r i c  inhomo- 
g e n e i t i e s .  From t h e s e  c h a r a c t e r i s t i c s ,  i t  was d e s i r e d  t o  de te rmine  
a s  f a r  as p o s s i b l e  t h e  pa ramete rs  of t h e  inhomogenei t ies  themselves .  
It was of s p e c i a l  i n t e r e s t  t o  de te rmine  whether  t h e  ampl i tude  and 
phase  measurements gave r e s u l t s  which were  c o n s i s t e n t  w i t h  each 
o t h e r ,  and which were a l s o  c o n s i s t e n t  w i t h  t h e o r e t i c a l  d e s c r i p t i o n s  
of t h e  d i f f r a c t i o n  e f f e c t s  invo lved .  
To t h i s  end,  i n s t r u m e n t a t i o n  was developed t o  produce 
exper imenta l  d a t a  r e l a t i n g  t o  t h e  ampl i tude  and phase  of t h e  
s a t e l l i t e  s i g n a l s  r e c e i v e d  a t  t h r e e  s t a t i o n s  spaced approximately  
2.5 km a p a r t  on t h e  ground. The a n a l y s i s  n e c e s s a r y  t o  c o n v e r t  t h e s e  
d a t a  i n t o  measures of inhomogeneity parameters  w i l l  b e  developed. 
The problem of t h e  d i f f r a c t i o n  of an  i n c i d e n t  wave by a phase  
modulat ing s c r e e n  and by a t h i c k  r e g i o n  of inhomogenei t ies  w i l l  be  
cons idered  t h e o r e t i c a l l y ,  and t h e  r e l a t i o n s h i p  of t h e  ampl i tude  
f l u c t u a t i o n s  t o  t h e  phase  f l u c t u a t i o n s  of t h e  s c a t t e r e d  s i g n a l  w i l l  
b e  cons idered .  
I n  t h e  f o l l o w i n g  c h a p t e r s ,  t h e  t h e o r e t i c a l  developments w i l l  
b e  under taken  f i r s t ,  and t h e  exper imenta l  c o n s i d e r a t i o n s  w i l l  f o l l o w  
them. 
11. COSINUSOIDAL SCREEN DIFFRACTION THEORY 
2 .1  In t roduc t ion  
To e s t a b l i s h  a framework wi th in  which t h e  experimental  d a t a  
can be  i n t e r p r e t e d ,  i t  is convenient t o  i n v e s t i g a t e  t h e  problem of 
a wave propagat ing through a medium wi th  smal l  v a r i a t i o n s  of r e f r a c -  
t i v e  index. Since t h e  wave frequency of t h e  s a t e l l i t e  s i g n a l  i s  
much l a r g e r  than the  c o l l i s i o n  frequency of t he  medium, abso rp t ion  
can be ignored,  and the  major e f f e c t  of t he  r e f r a c t i v e  index 
v a r i a t i o n s  w i l l  be t o  modulate t he  phase of t he  inc iden t  wave. It  
i s  i n i t i a l l y  convenient t o  examine t h e  problem of a wave d i f f r a c t e d  
by an i n f i n i t e l y  t h i n  phase modulating screen .  The e l e c t r i c  f i e l d  
of t h e  i n c i d e n t  wave immediately upon leaving  the  screen  may be  
mathematical ly  decomposed i n t o  an angular  spectrum of plane waves 
propagat ing away from t h e  sc reen  i n  d i f f e r e n t  d i r e c t i o n s .  The f i e l d  
a t  any d i s t a n c e  away from t h e  sc reen  may then be found by recon- 
s t i t u t i n g  t h e  p lane  waves i n  t h i s  spectrum, tak ing  i n t o  account t h e  
phase s h i f t s  incur red  by the  ind iv idua l  waves due t o  t h e  d i s t a n c e s  
they have t raversed .  R a t c l i f f e  (1956) has reviewed t h i s  technique 
i n  some d e t a i l  and has shown t h a t  such a technique i s  exac t ly  
equ iva l en t  t o  t he  s o l u t i o n  of t h e  d i f f r a c t i o n  problem by means of 
t h e  s c a l a r  Fresnel-Kirchhoff formula. 
I n  t h i s  chapter ,  t h e  case  of a one dimensional cos inuso ida l  
sc reen  w i l l  be  t r e a t e d  i n  some d e t a i l .  Although t h i s  model may 
seem phys i ca l ly  u n r e a l i s t i c ,  i t  neve r the l e s s  provides g r e a t  i n s i g h t  
i n t o  t h e  d i f f r a c t i o n  mechanism. The case  of normal plane wave 
i l l umina t ion  on a  s c reen  of a r b i t r a r y  phase dev ia t ion  w i l l  b e  con- 
s i d e r e d ,  followed by t h e  s p e c i a l  case  of smal l  phase dev ia t ion .  
The e f f e c t  of a d d i t i o n a l  s p a t i a l  components on t h e  d i f f r a c t i o n  
p a t t e r n  w i l l  b e  d iscussed ,  and t h e  e f f e c t s  of s p h e r i c a l  wave i l l u -  
mination and ob l ique  incidence w i l l  be  t r e a t e d .  I n  chapter  111, 
t h e  case  of random screens  w i l l  be  considered and t h e  connection 
between a  t h r e e  dimensional d i f f r a c t i n g  medium and t h e  t h i n  screen  
w i l l  b e  e s t ab l i shed .  
2.2 The One Dimensional Cosinusoidal  Screen 
2.2.1 The Form of t h e  Solu t ion  
It w i l l  b e  shown i n  chapter  V I I  t h a t  t h e  i r r e g u l a r i t i e s  
p e r t i n e n t  t o  t h i s  s tudy  a r e  h ighly  elongated along the  E a r t h ' s  
magnetic f i e l d .  It w i l l  be  shown i n  chapter  I11 t h a t  such i r regu-  
l a r i t i e s  w i l l  produce equiva len t  i r r e g u l a r i t i e s  i n  t h e  t h i n  sc reen  
which a r e  a l s o  h ighly  elongated.  The d i f f r a c t i o n  theory developed 
i n  t h i s  chapter  w i l l  show t h a t  t he  power s c a t t e r e d  by an i r regu-  
l a r i t y  s t r u c t u r e  s i z e  subtends an angle  i nve r se ly  p ropor t iona l  t o  
t h e  s i z e  of t h e  s c a t t e r e r .  It would then  be  expected t h a t  except 
along d i r e c t i o n s  c l o s e l y  p a r a l l e l  t o  t h e  d i r e c t i o n  of e longat ion ,  
t h e  angular  ex t en t  of t h e  s c a t t e r e d  power would be  p r imar i ly  
determined by t h e  smal le r  dimension of t h e  i r r e g u l a r i t y .  Since 
- 8- 
observa t ion  of t h e  i r r e g u l a r i t y  p a t t e r n  is  usua l ly  performed i n  
d i r e c t i o n s  o t h e r  than along t h e  d i r e c t i o n  of e longat ion ,  such a  
r e s t r i c t i o n  is  n o t  s e r i o u s ,  and a  one dimensional r e p r e s e n t a t i o n  of 
t h e  i r r e g u l a r i t i e s  w i l l  be adopted t o  s imp l i fy  t h e  t h e o r e t i c a l  
d i scuss ion .  Fur ther  j u s t i f i c a t i o n  f o r  t h i s  r e p r e s e n t a t i o n  w i l l  be  
given i n  chapter  111. 
It is ,  t h e r e f o r e ,  app ropr i a t e  t o  cons ider  a  monochromatic 
p lane  wave normally i n c i d e n t  on an i n f i n i t e l y  t h i n  phase modulating 
sc reen  l y i n g  along t h e  x  a x i s  of a  two dimensional c a r t e s i a n  frame 
o r i en t ed  such t h a t  t h e  wave normal i s  i n  t he  p o s i t i v e  z  d i r e c t i o n .  
Following R a t c l i f f e  (1956), t h e  form of t h e  inc iden t  wave w i l l  be 
taken a s  
~ ( x ,  z ,  t )  = ~ ( x ,  z) exp ( j u t  + ~ ~ I T z / A )  (2.1) 
where a  bar  under a  q u a n t i t y  denotes a  complex q u a n t i t y ,  and where 
w and A a r e  t h e  angular  frequency and wavelength of t h e  i n c i d e n t  
r a d i a t i o n .  The r a d i a t i o n  leaving  t h e  screen  may be decomposed i n t o  
an  angular  spectrum of p lane  waves, 2 ( s ) ,  w i th  
0 
1 
x s i n  ( s )  I dx 
- 0 0 
> 
where s i s  the  angle  between the  s c a t t e r e d  wave normal and t h e  z  
a x i s ,  and j i s  t h e  square  roo t  of minus one. I n  t h i s  equat ion,  and 
i n  a l l  t h e  i n t e g r a l s  which fo l low i n  t h i s  work, t h e  l i m i t s  w i l l  be 
taken a s  i n f i n i t e  un less  o therwise  s t a t e d  and w i l l  n o t  be w r i t t e n  
e x p l i c i t l y .  
A t  a  d i s t a n c e  z  from t h e  sc reen ,  t h e  phase of t h e  s c a t t e r e d  
wave wi th  r e spec t  t o  t h e  i n c i d e n t  component i s  
2lT 
- 
A [cos ( s )  -11. 
The angular  spectrum a t  a  d i s t a n c e  z  then becomes 
0 
1 [X s i n  ( s )  + z  [1-cos ( s ) ] ]  , dx . 
J O 
For t h e  small  s c a t t e r i n g  angles  p e r t i n e n t  t o  t h i s  s tudy ,  s i n  ( s )  - s ,  
Z 1-cos ( s )  2: s 12, and P ( s )  can be w r i t t e n  
0 
7 P(s )  = ( )  exp {T ~ ( s x  + s2z /2)  1 dx . 
- 
I 0  
E(x, z )  i s  given by t h e  Four ie r  t ransform of P ( s )  d iv ided  by A .  
- 
2 [ ( s x  - sx)  + s 2 E(x, z ) = t f l E ( x 0 )  cay - 0 
For a  sc reen  which modulates only t h e  phase of t h e  i n c i d e n t  
wave, 
where A i s  t h e  amplitude of t h e  inc iden t  wave and @ ( x  ) i s  t h e  phase 
0 
modulating func t ion  of t h e  screen .  Taking A a s  un i ty  f o r  convenience, 
and tak ing  @ ( x  ) a s  
0 
E(x ) may be expanded t o  y i e l d  
- 0 
00 
E(x = 1 jnJn(a@) - exp (2 jnx  / L  ) 0 0 s (2.9) 
where J (A@) i s  a n t h  order  Bessel  func t ion  of t h e  f i r s t  kind with 
n  
argument A@. 
S u b s t i t u t i n g  &(x ) i n t o  equat ion 2.6 y i e l d s  
jnJn(n@) exp (2njxn/LS) dx ds 
0 
Interchanging the  o rde r  of summation and i n t e g r a t i o n ,  and i n t e g r a t i n g  
f i r s t  on s and then  on x y i e l d s  a f t e r  s i m p l i f i c a t i o n  
00 
E(x, z )  = 
- 
2 ~ " J ~ ( A $ )  exp (2njxn/Ls - j rzn2/Ls2)  
Expanding t h e  exponent ia l  i n t o  r e a l  and imaginary p a r t s ,  expanding 
n 
t h e  summation, us ing  t h e  i d e n t i t y  J-,(x) = (-1) J n ( x ) ,  and resumming 
t h e  r e s u l t  y i e l d s  f i n a l l y  
+ 2 J (Am) (- lnI2 cos (nB) cos (n2IJ) 
n 
+ 2 j  Jn(A4) (-I$ n+3)/2cos (nB) cos (n2IJ) 
where U = n h z l ~ ~ ~  and B = 2nx/Ls. 
Denoting t h e  fou r  sums making up t h e  r e a l  and imaginary 
p a r t s  of g ( x , z )  a s  Sum , Sum , Sum , and Sum , r e s p e c t i v e l y ,  E(x,  z) 
1 2 3 4 
can be  w r i t t e n  i n  p o l a r  form a s  
E(x, z) = A(x, a )  exp { j 8 ( x ,  2 ) )  
- 
where 
2 1/2 A(x, z) = {[J (A$) + Suml + Sum l 2  + [Sum + Sum ] } 
0 2 3 4 
(2.14) 
r sum + sum 1 
e(x ,  z) = tan-' 3 4 
1 
J (A$) + Sum + Sum 
2 J  
The ambiguity of p l u s  o r  minus nTr r ad i ans ,  where n  i s  an i n t e g e r ,  
which is  i m p l i c i t  i n  t h e  d e f i n i t i o n  of t h e  i n v e r s e  tangent  func t ion  
must be  removed by no t ing  t h e  a c t u a l  phase v a r i a t i o n s  a t  t h e  s c r een  
and r equ i r ing  t h a t  t h e  phase f o r  any va lue  of x change cont inuously 
a s  t h e  p o i n t  of obse rva t ion  moves from t h e  sc reen .  
A t  t h e  s c r een ,  t h e  wave is  pure ly  phase modulated, and t h e  
ampli tude does n o t  vary  w i th  x. A s  z  i nc reases  from zero ,  f l u c t u a -  
t i o n s  begin t o  occur i n  t h e  wave amplitude. Close t o  t h e  s c r een ,  
t h e  cos (n2u) terms w i l l  remain near  u n i t y ,  and t h e  ampli tude p a t t e r n  
w i l l  b u i l d  up p r imar i l y  due t o  t h e  s i n  (n2u) terms, which w i l l  be  
dominated by t h e  term whose Bessel  func t ion  c o e f f i c i e n t  is  of h i g h e s t  
o rde r  whi le  s t i l l  having apprec i ab le  value.  A s  A$ i nc reases  above 
u n i t y ,  t he  Bessel  func t ions  J (A$) w i l l  have apprec iab le  va lue  up t o  
n  
a  va lue  of n  approximately of order  A$. This  impl ies  t h a t  t h e  
amplitude p a t t e r n  should develop a t  c l o s e r  d i s t ances  t o  t h e  sc reen  
a s  A@ inc reases .  Furthermore, due t o  t h e  l a r g e  number of c ross -  
products  i n  t h e  expression f o r  t h e  amplitude dev ia t ions ,  f o r  a l l  z  
l a r g e r  than zero ,  t h e  amplitude p a t t e r n  w i l l  conta in  s p a t i a l  com- 
ponents wi th  s h o r t e r  per iods  than t h a t  of t h e  sc reen  i t s e l f .  Since 
t h e  phase p a t t e r n  i s  e s s e n t i a l l y  determined by a  r a t i o  of terms, 
i t  can be expected t h a t  t h e  phase p a t t e r n  w i l l  change a t  a  slower 
r a t e  wi th  r e spec t  t o  both x  and U than t h e  amplitude p a t t e r n ,  s i n c e  
con t r ibu t ions  i n  t h e  numerator w i l l  b e  p a r t i a l l y  o f f s e t  by terms 
i n  t h e  denominator. 
To examine t h e  n a t u r e  of t h e  phase and amplitude dev ia t ions  
a s  a  func t ion  of U ,  numerical va lues  were obtained f o r  t h e  amplitude 
and phase of t h e  d i f f r a c t e d  f i e l d  f o r  s e v e r a l  va lues  of A$ by means 
of a  high speed d i g i t a l  computer. I n  t h i s  c a l c u l a t i o n ,  equat ions 2.14 
and 2.15 were employed, and a l l  Bessel  c o e f f i c i e n t s  up t o  16 th  o rde r  
were included. Some of t h e  amplitude and phase p a t t e r n s  obtained 
f o r  A $ =  3.5 rad ians  a r e  shown i n  F igure  2.1.  Other examples may be 
found i n  t h e  r e s u l t s  of Hewish (1951). These r e s u l t s  show t h a t  
c l o s e  t o  t he  sc reen ,  t h e  phase p a t t e r n  more c lose ly  maintains  t h e  
form of t h e  sc reen  v a r i a t i o n s ,  when A$ i s  l a r g e ,  than does t h e  
Figure 2.1. Phase and amplitude diffraction patterns for A+=3.5 
radians. 
amplitude pattern. Far from the screen, neither the phase nor the 
amplitude pattern are good representations of the phase variations. 
2 . 2 . 2  Scintillation Indexes and Pattern Scale Sizes 
To obtain quantitative measures of the diffraction 
effects it is convenient to define an amplitude scintillation index 
S ( i) , and a phase scintillation index S ( z) as : 
a P 
where a bar over a quantity denotes a spatial average over x. 
Correlation functions of amplitude and phase variations may be 
defines as: 
e(x, z) -O(X, z)][ (x+Ax, z)- (x, z)] 
pp(ax, z) = [ 
Ee(x, z) - e(x, 2) 12 
Since Sa(z) ,  S ( z ) ,  p  (Ax, z) and p (Ax, z) w i l l  be eva lua ted  a t  
P a  P 
f ixed  va lues  of z  no confusion w i l l  r e s u l t  i f  t h e  e x p l i c i t  z  
dependence i s  dropped from t h e  n o t a t i o n ,  and so  t h e  s c i n t i l l a t i o n  
indexes and c o r r e l a t i o n s  w i l l  b e  hencefor th  denoted simply a s  S 
a  ' 
S pa(Ax), and p (Ax). P ' P 
For a  pe r iod ic  s c reen ,  p (Ax) and p(Ax) w i l l  vary p e r i o d i c a l l y  
a  P 
a s  Ax is  va r i ed .  However, f o r  comparison wi th  the  r e s u l t s  which w i l l  
b e  obta ined  f o r  random sc reens ,  i t  is convenient t o  f i t  i n  t h e  l e a s t  
mean square  sense  t h e  va lues  of t h e  a c t u a l  c o r r e l a t i o n s  i n  t h e  
v i c i n i t y  of smal l  x wi th  equiva len t  func t ions  of t h e  form 
The s tandard  dev ia t ions  of t h e  func t ions  f i t t e d  t o  t h e  amplitude 
and phase correlograms w i l l  b e  denoted a s  L and L r e s p e c t i v e l y  
ca C P 
and w i l l  b e  def ined  a s  t h e  equiva len t  s c a l e  s i z e s  of t h e  ampli tude 
and phase d i f f r a c t i o n  p a t t e r n s .  With these  d e f i n i t i o n s ,  t h e  s c a l e  
s i z e  L of a  cos inusoida l  s c reen  wi th  s p a t i a l  per iod L is given 
co s 
I n  Figures  2 . 2  through 2 .5  t h e  q u a n t i t i e s  S 
a '  Sp '  Lca/Lco 
and L /Lco a r e  p l o t t e d  versus  U f o r  s e v e r a l  values of A @ .  A s  
c  P 




expected, S r i s e s  t o  l a r g e  va lues  sooner a s  A@ is  inc reases .  The 
a  
sudden changes i n  t h e  behavior of t he  phase p a t t e r n  f o r  l a r g e  va lues  
of U is  a consequence of t h e  f a c t  t h a t  f o r  A@ g r e a t e r  than u n i t y ,  
t h e  h igher  o rde r  Bessel  func t ions  w i l l  have apprec i ab le  magnitude and 
r e s u l t  i n  d e s t r u c t i v e  i n t e r f e r e n c e  such t h a t  t h e  r e a l  and imaginary 
p a r t s  of E(x, z) can change a lgeb ra i c  s i g n  wi th  only moderate values 
of U. The r a t e  a t  which these  terms vary w i l l  determine the  form 
of t h e  phase v a r i a t i o n s ,  and p a r t i c u l a r l y  when both terms a r e  smal l ,  
small  changes i n  t h e  va lue  of one o r  t h e  o the r  can d r a s t i c a l l y  a f f e c t  
t he  form of t h e  phase p a t t e r n .  Due t o  t h e  squar ing  process  involved 
i n  determining t h e  amplitude, t h e  amplitude i s  i n s e n s i t i v e  t o  t h e  
a l g e b r a i c  s i g n  of t h e  r e a l  and imaginary p a r t s  of g ( x ,  z ) .  Con- 
sequent ly ,  va lues  of U and x which simply c r e a t e  notches i n  t h e  
amplitude p a t t e r n  can completely change t h e  form of t h e  phase 
p a t t e r n .  
However, i t  i s  s t i l l  seen t h a t  t h e  phase s c a l e  s i z e s  a r e  
always somewhat g r e a t e r  than those  of amplitude, and t h a t  c l o s e  t o  
t h e  sc reen ,  both L and S s t a y  reasonably c l o s e  t o  t h e i r  va lues  
c  P P 
a t  t h e  screen  even i n  t h e  case  of f a i r l y  l a r g e  va lues  of A@. I f  
d i f f r a c t i v e  e f f e c t s  a r e  ignored,  ray o p t i c s  would p r e d i c t  t h a t  
c l o s e  t o  t h e  sc reen ,  t h e  phase pe r tu rba t ions  i n  t h e  emerging wave- 
f r o n t  would be  i d e n t i c a l  t o  @ ( x  ). The r e s u l t s  shown i n  F igures  2 .2  
0 
through 2.5  i n d i c a t e  t h a t  although t h e  ray  o p t i c a l  approximation 
i s  f a i r l y  v a l i d  f o r  desc r ib ing  phase e f f e c t s  c l o s e  t o  t h e  screen ,  
i t  is neve r the l e s s  a  poor approximation i n  t h e  case  of amplithde 
when AQ i s  l a rge .  Phys i ca l ly ,  t h i s  is  reasonable s i n c e  t h e  amplitude 
p a t t e r n  i s  p r imar i ly  a  man i f e s t a t ion  of t h e  d i f f r a c t i v e  e f f e c t s  
which a r e  ignored i n  t h e  ray o p t i c a l  approximation. 
2.2.3 The Limits  of t h e  Ray Opt ica l  Region 
I n  order  f o r  t h e  pe r tu rba t ions  i n  t h e  phase of t h e  inc iden t  
wave t o  conform t o  t h e  shape of @ ( x  ) ,  t h e  s idewise  dev ia t ion  of 
0 
t he  rays  making up t h e  wave must be  small .  I f  t h e  expansion f o r  
E(x ) given i n  equat ion 2.9 i s  s u b s t i t u t e d  i n t o  t h e  express ion  f o r  
- 
0 
P ( s )  given i n  equat ion 2.2, t h e  order  of summation and i n t e g r a t i o n  
-
0 
interchanged,  and the  i n t e g r a t i o n  performed, i t  can be shown t h a t  
t h e  r e s u l t i n g  spectrum w i l l  c o n s i s t  of a  s e r i e s  of d e l t a  func t ions  
which r ep resen t  waves propagat ing a t  angles  of p lus  o r  minus 
n h l ~ ~ .  Denoting t h e  s idewise  dev ia t ion  by x  i t  i s  seen  t h a t  
s ' 
Replacing n  by A@ f o r  l a r g e  A@ and r equ i r ing  t h a t  xs be  smal l  
compared t o  L f o r  t h e  ray o p t i c a l  approximation t o  be  v a l i d  
s 
y i e l d s  a s  requirements on z 
It i s  s e e n  t h a t  e q u a t i o n  2.23 i s  t h e  u s u a l  c o n d i t i o n  f o r  t h e  
v a l i d i t y  of t h e  r a y  o p t i c a l  approximat ion d e r i v e d  from s i n g l e  
s c a t t e r  c o n s i d e r a t i o n s .  
I f  a n  a t t e m p t  i s  made t o  app ly  t h e  r e s u l t s  of an  a n a l y s i s  
based  on a c o s i n u s o i d a l  s c r e e n  t o  a  s i t u a t i o n  i n  which t h e  phase  
a t  t h e  s c r e e n  is  a  random v a r i a b l e  of p o s i t i o n ,  correspondence 
between t h e  two c a s e s  can o n l y  b e  expected when t h e  r e g i o n  of t h e  
s c r e e n  c o n t r i b u t i n g  t o  t h e  p a t t e r n  is  l e s s  t h a n  t h e  s i z e  of f e a t u r e s  
i n  t h e  s c r e e n .  For c o n t r i b u t i n g  r e g i o n s  g r e a t e r  t h a n  t h i s  t h e  
c o s i n u s o i d a l  a n a l y s i s  p r e d i c t s  an  o r d e r e d  r e l a t i o n s h i p  between t h e  
s c a t t e r s  which c e r t a i n l y  w i l l  n o t  e x i s t  i n  a  random model, b u t  f o r  
r e g i o n s  l e s s  t h a n  t h i s  t h e  r e g i o n s  c o n t r i b u t i n g  t o  t h e  p a t t e r n  w i l l  
b e  l e s s  t h a n  t h e  s i z e  of a  s i n g l e  i r r e g u l a r i t y  and t h e  d i f f e r e n c e  
between a random s c r e e n  and a  p e r i o d i c  s c r e e n  d i s a p p e a r s .  It i s  
s e e n  t h a t  t h e  r e g i o n  of t h e  s c r e e n  c o n t r i b u t i n g  t o  t h e  p a t t e r n  a t  
a  d i s t a n c e  z  from t h e  s c r e e n  is bounded by x  and s o  when t h e  r a y  
S 
o p t i c a l  approximat ion h o l d s ,  t h e  phase  c h a r a c t e r i s t i c s  observed may 
b e  expec ted  t o  b e  s i m i l a r  f o r  e i t h e r  a random o r  p e r i o d i c  s c r e e n  
model. 
2 .2 .4  The S p e c i a l  Case of Smal l  A@ 
For  s m a l l  A$, t h e  o n l y  B e s s e l  f u n c t i o n s  of a p p r e c i a b l e  
magnitude i n  e q u a t i o n  2.12 a r e  J (A+) and J (A+). Expanding t h e s e  
0 1 
i n  power series: 
Keeping o n l y  f i r s t  o r d e r  terms, A(x, z )  and 8 ( x ,  z )  become 
A(x, z)  = [ I  + 2A4 c o s  (2nx/Ls) s i n  ( h n z l ~ ~ ~ )  1 '/ (2.27) 
8 ( x ,  Z)  =  an-'{^$ cos  (2rxlLS)  cos  (nh z /Ls2)}  . (2.28) 
S i n c e  A@ h a s  been assumed s m a l l ,  t h e  a r c  t a n g e n t  may b e  r e p l a c e d  
w i t h  i t s  argument,  and t h e  s q u a r e  r o o t  may b e  r e p l a c e d  w i t h  i t s  
b inomia l  expansion t o  f i r s t  o r d e r  i n  A$. When t h e  r e s u l t i n g  v a l u e s  
of A(x, z )  and 8 ( x ,  z )  a r e  s u b s t i t u t e d  i n t o  e q u a t i o n s  2.16 and 2 .17,  
t h e  r e s u l t i n g  s c i n t i l l a t i o n  indexes  a r e  
a 
= ,707 A 4  s i n  (nh z/LS2) 
S = .707 A$ cos  (nh z /LS2) .  
P  
Thus S and S are r e l a t e d  t o  t h e  r e a l  and imaginary p a r t s  of 
a  P  
E(x, 2) by 
s = { [ ~ m  [ ~ ( x ,  z . ) ] ] ~ I ' / ~  . (2.32) 
P  
This  i d e n t i f i c a t i o n  w i l l  b e  u s e f u l  i n  t h e  c a s e  of a random s c r e e n .  
2 .3  The E f f e c t  of A d d i t i o n a l  S p a t i a l  Components 
I f  t h e  phase  modulat ing f u n c t i o n  @ ( x  ) i s  composed of many 
0 
s p a t i a l  components and t h e  t o t a l  phase  d e v i a t i o n  i n t r o d u c e d  by t h e  
s c r e e n  i s  l e s s  t h a n  abou t  one t h i r d  r a d i a n ,  t h e  r e s p o n s e  on t h e  
ground may b e  found by s imply super imposing t h e  responses  of t h e  
components a c t i n g  i n d i v i d u a l l y  ( R a t c l i f f e ,  1956) .  Thus i f  @(x ) 
0 
i s  r e p r e s e n t e d  i n  t h e  form of a  F o u r i e r  Transform 
@ ( X I  = @ ( k )  cos  [ k x  + @ ( k  ) ]  d k ,  
0 0 0 0 0 0 
w i t h  wavenumber k  d e f i n e d  a s  2Tr dsv ided  by t h e  i r r e g u l a r i t y  s p a t i a l  
0 
wavelength ,  e q u a t i o n s  2.32 and 2 .33 become 
S 2 =  . 5 /  @ ( k  ) cos  (A k 2147~) dk . (2.38) 
P  0 0 
P h y s i c a l l y ,  it can  b e  expec ted  t h a t  @ ( k  ) w i l l  d e c r e a s e  a s  k  
0 0 
becomes l a r g e .  Th is  c i rcumstance  t o g e t h e r  w i t h  t h e  behav ior  of 
t h e  t r igonometr ic  terms i n  equat ions 2.37 and 2.38 w i l l  cause t h e  
phase response c l o s e  t o  t h e  screen  t o  be weighted with a  low pass  
f i l t e r  l i k e  func t ion ,  wh i l e  t h e  amplitude response w i l l  be  analogous 
t o  t h a t  of a  band pass  f i l t e r .  To i l l u s t r a t e  t h i s  band pass a c t i o n  
of t h e  amplitude response,  i t  may be assumed f o r  example t h a t  @(k  ) 
0 
is  d i r e c t l y  p ropor t iona l  t o  L . Making t h i s  s u b s t i t u t i o n  i n t o  
s 
equat ion 2.37 and d i f f e r e n t i a t i n g  i n s i d e  t h e  i n t e g r a l  shows t h a t  
t h e  maximum con t r ibu t ion  t o  t h e  in tegrand  comes from va lues  of L 
s 
c l o s e  t o  (nh ~ 1 1 . 1 7 )  ' I2 ki lometers .  To f u r t h e r  i l l u s t r a t e  t h i s  e f f e c t ,  
e f f e c t ,  t h e  va lue  of t h e  in tegrand  of equat ion 2.37 was c a l c u l a t e d  
f o r  s e v e r a l  va lues  of L f o r  z  equal  t o  250 km, and an inc iden t  
s 
wavelength of seven meters.  The r e s u l t s  a r e  shown i n  Figure 2.6 
where t h e  s c a l e  s i z e s  a r e  expressed i n  terms of L r a t h e r  than L 
c  0 s 
by t h e  use  of equat ion 2.24. It is  noted t h a t  t h e  amplitude response 
is  e s s e n t i a l l y  determined by c o r r e l a t i o n  s c a l e s  of order  one t h i r d  
k i lometer ,  t h e  same o rde r  of magnitude a s  i s  commonly observed i n  
p r a c t i c e .  
When t h e  t o t a l  phase dev ia t ion  i s  l a r g e r  than one t h i r d  r a d i a n ,  
supe rpos i t i on  i s  no longer  v a l i d .  A s  i s  known from t h e  s tudy of 
mul t i tone  frequency modulation (Crosby, 1938) t h e  spectrum which 
r e s u l t s  from wideband frequency modulation when more than  one 
modulating frequency is  p re sen t  conta ins  components no t  only a t  t h e  
modulating f requencies ,  bu t  a t  f requencies  corresponding t o  sums 
and d i f f e r e n c e s  of t h e s e  f requencies  and t h e i r  harmonics. The n e t  
e f f e c t  i s  t o  c r e a t e  more terms i n  t h e  expressions f o r  t h e  amplitude 

and phase p a t t e r n s  and thereby make f u r t h e r  q u a n t i t a t i v e  a n a l y s i s  
d i f f i c u l t .  
Phys i ca l l y ,  however, t h e  lower wavenumbers, a s soc i a t ed  w i t h  
t h e  s p a t i a l  components of h i g h e s t  phase d e v i a t i o n ,  w i l l  p l a c e  t h e  
observer  i n  t h e  ray  o p t i c a l  reg ion ,  and s i n c e  t h e s e  terms c o n t r i b u t e  
most of t h e  phase s h i f t ,  t h e  form of t h e  phase p a t t e r n  w i l l  n o t  
change d r a s t i c a l l y  a t  d i s t a n c e s  f a i r l y  c l o s e  t o  t h e  sc reen .  The 
ampli tude e f f e c t s  w i l l  predominately be caused by d i f f r a c t i v e  e f f e c t s  
of h igh  wavenumber, and t h e r e f o r e  w i l l  be  dominated by terms of h igh  
s p a t i a l  frequency. 
Within t h e  r ay  o p t i c a l  r eg ion  supe rpos i t i on  of t h e  phase 
e f f e c t s  i s  v a l i d ,  and s o  t h e  phase p a t t e r n  would be  expected t o  be  a  
good r e p r e s e n t a t i o n  of a t  l e a s t  t hose  components of low wavenumber. 
S ince  f o r  l a r g e  A$ t h e  ampli tude p a t t e r n  i s  n o t  s i m i l a r  t o  t h e  p a t t e r n  
of phase i n  t h e  s c r een ,  even f o r  a  s i n g l e  s p a t i a l  component, t h e  
ampli tude p a t t e r n  cannot be expected t o  be  a  good r e p r e s e n t a t i o n  of 
t h e  p a t t e r n  i n  t h e  s c r een  when more than one s p a t i a l  component is  
p r e s e n t ,  and when t h e  t o t a l  s c r een  phase d e v i a t i o n  i s  l a r g e r  than 
one rad ian .  
It should be  noted t h a t  Beckmann (1965) and Hodora (1968) 
have reached s i m i l a r  conc lus ions  concerning t h e  importance of t h e  
lower s p a t i a l  f requenc ies  i n  producing t h e  phase p a t t e r n ,  and i n  t h e  
v a l i d i t y  of applying ray  o p t i c a l  techniques t o  t h e s e  components i n  
t h e i r  s t u d i e s  of l a s e r  propagat ion through t h e  t u r b u l e n t  atmosphere. 
2.4 The Ef fec t  of Oblique Incidence 
I f  t h e  p lane  wave is  i n c i d e n t  on t h e  screen  wi th  i t s  wave- 
normal making an angle  of 8 wi th  the  z a x i s ,  t h e  i nc iden t  phase 
Z 
is  
- 2n (X s i n  e + z cos ez )  . X z 
The angular  spectrum a t  t h e  screen  is  
The s c a t t e r e d  f i e l d  r e l a t i v e  t o  t h e  inc iden t  f i e l d  is then 
- z [ 1  - s i n 2  ( s ) ]  ' I 2  - z cos e Z ]  d [ s i n  ( s )  ] . 
(2.38) 
Defining s i n  ( s )  - s i n  0 a s  m , and [ l  - s i n 2  ( s ) ] U 2  - cos €I 
Z 1 Z 
a s  m , m may be expressed i n  terms of m by t h e  use  of a  binomial  
2 2 1 
expansion. For smal l  s c a t t e r i n g  angles  and 0 no t  c l o s e  t o  90 
Z 
degrees,  m becomes t o  second o rde r  
2 
2 
m = - m  
2 1 
s e c  e Z / 2  - m t a n  ez 
1 
Since 8 is  assumed f i x e d ,  d  [ s i n  ( s ) ]  = dm , and &(x, z )  may be 
z 1 
w r i t t e n  a s  
Comparing equat ion  2.40 t o  equat ion 2.6 shows t h a t  t h e  e f f e c t  
of ob l ique  inc idence  i s  t o  t r a n s l a t e  t h e  p a t t e r n  i n  t h e  x d i r e c t i o n  
by z t a n  0 and t o  i nc rease  t h e  e f f e c t i v e  d i s t a n c e  t o  t h e  sc reen  by 
z ' 
a  f a c t o r  of s e c  0 . Simi lar  r e s u l t s  have been obtained by DeBarber 
z 
and Ross (1966) f o r  t h e  case  of small  phase dev ia t ion .  It is shown 
he re  t h a t  t hese  r e s u l t s  apply f o r  t h e  ca se  of l a r g e  phase dev ia t ion  
a s  we l l .  
2.5 Poin t  Source E f f e c t s  
When t h e  source  of t h e  inc iden t  r a d i a t i o n  is  a t  a  f i n i t e  
d i s t a n c e  from t h e  screen  t h e  inc iden t  wave is  no t  p lane .  The 
r e s u l t i n g  e f f e c t s  of t h e  d i f f r a c t i o n  p a t t e r n  a r e  most simply 
der ived  a t  normal incidence.  The phase of t h e  inc iden t  wave i s  
then 
where z is  t h e  d i s t a n c e  from the  source t o  t h e  screen .  The phase 
0 
of t h e  d i f f r a c t e d  component a  d i s t a n c e  z from t h e  screen  w i l l  be ,  i 
f o r  s m a l l  s c a t t e r i n g  angles ,  
The r e l a t i v e  phase of t h e  s c a t t e r e d  r a d i a t i o n  wi th  r e spec t  t o  t h e  
specular  component w i l l  be  
The s c a t t e r e d  f i e l d  r e l a t i v e  t o  t h e  inc iden t  f i e l d  then is  given by 
E x ,  )  = x 0  fXP 
- 
[ s  (x0 - x) - z i ( l  - s 2 / 2 >  
For z >> x 2 ,  and ( z  + z  ) 2  >> x , t h e  quad ra t i c  terms can be  
0 0 0 
expanded t o  second o rde r  i n  x  and x  y i e l d i n g  
0 
To keep t h e  development gene ra l ,  E(x o ) may be  formally r ep re sen t ed  
by a  Four i e r  i n t e g r a l  a s  
C(k) exp ( - j k x )  dk (2.46) 
0 0 0 
where k  is  t h e  i r r e g u l a r i t y  wavenumber. S u b s t i t u t i n g  t h i s  va lue  
0 
of g ( x  ) i n t o  equa t ion  2.45, in te rchanging  t h e o r d e r  of i n t e g r a t i o n ,  
0 
and i n t e g r a t i n g  on s and then x  y i e l d s  
0 
where k i n  t h e  i n t e g r a n d  h a s  been r e p l a c e d  by i t s  v a l u e  2 n / ~ ~ ( k  ) 
0 0 
t o  demons t ra te  t h e  e f f e c t  of t h e  f i n i t e  v a l u e  of z on t h e  s p a t i a l  
0 
wavelengths  i n  t h e  p a t t e r n .  Def in ing  z / ( z  f zi) a s  F ,  a comparison 
0 0 
of t h e  i n t e g r a n d  of e q u a t i o n  2.49 f o r  t h e  c a s e  of z approach ing  
0 
i n f i n i t y  (F = I ) ,  and f o r  t h e  c a s e  of f i n i t e  z shows t h a t  e f f e c t s  
0 
of a f i n i t e  z is  t h r e e f o l d .  The magni tude of E(x, z)  is  reduced 
0 
by F ' / ~ .  The s c a l e  s i z e s  on t h e  ground a r e  i n c r e a s e d  by t h e  f a c t o r  
1 /F .  The a p p a r e n t  d i s t a n c e  of t h e  s c r e e n  from t h e  ground i s  reduced 
from z t o  Fz . S i m i l a r  r e s u l t s  have  been o b t a i n e d  by R a t c l i f f e  i i 
(1956) by employing r a y  o p t i c a l  arguments ,  and by Bowhill  (1961) f o r  
t h e  c a s e  of a s c r e e n  w i t h  s m a l l  A$. It i s  shown h e r e  t h a t  t h e s e  
r e s u l t s  app ly  t o  a s c r e e n  of a r b i t r a r y  d e s c r i p t i o n  even when d i f -  
f r a c t i v e  e f f e c t s  a r e  inc luded .  
111. RANDOM SCREENS 
3.1  In t roduc t ion  
Phys i ca l ly  i t  seems more n a t u r a l  t o  assume t h a t  t h e  i r r egu -  
l a r i t i e s  a r e  a c t u a l l y  cha rac t e r i zed  by random o r  a t  b e s t  quas ipe r iod ic  
func t ions  of p o s i t i o n ,  This  complicates  t h e  problem, making i t  
necessary t o  desc r ibe  t h e  f i e l d s  i n  terms of s t a t i s t i c a l  parameters.  
I t  i s  t h e r e f o r e  necessary t o  assume some form f o r  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  of phase and t h e  au toco r re l a t ion  of phase a t  t h e  s c reen  
be fo re  t h e  c h a r a c t e r i s t i c s  of t h e  p a t t e r n  a t  t h e  ground can be  
obtained.  A s  a  convenient mathematical model, i t  w i l l  b e  assumed 
t h a t  both t h e  p r o b a b i l i t y  d i s t r i b u t i o n ,  and t h e  phase c o r r e l a t i o n  
a r e  adequately descr ibed  by Gaussian func t ions .  
It w i l l  be  shown i n  s e c t i o n  3.5 t h a t  t h e  phase v a r i a t i o n s  
i n  t h e  equ iva l en t  t h i n  s c reen  may be regarded a s  t h e  i n t e g r a t e d  
e f f e c t  of t h e  passage of t h e  inc iden t  wave through a  t h i c k  l a y e r  
of i r r e g u l a r i t i e s ,  I f  t h e  i nd iv idua l  i r r e g u l a r i t i e s  can be  assumed 
t o  be s t a t i s t i c a l l y  independent and s u f f i c i e n t l y  numerous, then  
the  Cent ra l  Limit Theorem may be reasonably invoked t o  j u s t i f y  
t h e  Gaussian assumption f o r  t h e  phase d i s t r i b u t i o n  a t  t h e  s c reen .  
Unfortunately,  no such phys i ca l  j u s t i f i c a t i o n  may be made f o r  t h e  
form of t h e  c o r r e l a t i o n  func t ion  employed. However, t h e  s i m p l i f i c a -  
t i o n  of t he  mathematics which r e s u l t s  from the  Gaussian assumption 
i s  such t h a t  many r e s u l t s  a r e  ob ta inab le  which would be  d i f f i c u l t  
t o  o b t a i n  i n  any o t h e r  way. To o b t a i n  a  f e e l i n g  f o r  t h e  p h y s i c s  
invo lved ,  i t  w i l l  t h e r e f o r e  b e  assumed t h a t  t h e  a c t u a l  c o r r e l a t i o n  
of phase  a t  t h e  s c r e e n  can adequa te ly  b e  d e s c r i b e d  by t h e  Gaussian 
form. The p r o b a b i l i t y  d i s t r i b u t i o n  and t h e  a u t o c o r r e l a t i o n  of 
s c r e e n  phase w i l l  t h e r e f o r e  b e  t a k e n  as 
P (X ) = exp [ - ( ~ ~ ~ ) ~ / 2 ~ ~ ~ ~ l  
0 
where @ is  t h e  r o o t  mean s q u a r e  phase  d e v i a t i o n  and L i s  t h e  
0 c  0 
s c a l e  s i z e  of t h e  i r r e g u l a r i t i e s  i n  t h e  s c r e e n .  
3.2  The Angular Spectrum of Complex Amplitude 
The a n g u l a r  power spectrum of complex ampl i tude  w i l l  be  
d e f i n e d  a s  
where W ( s )  is  t h e  a n g u l a r  power spectrum,  g ( s )  i s  a s  d e f i n e d  i n  
c  
e q u a t i o n  2 . 4 ,  and a s t a r  above a q u a n t i t y  deno tes  t h e  complex 
c o n j u g a t e  of t h e  q u a n t i t y .  The a u t o c o r r e l a t i o n  of complex 
ampl i tude ,  p ( x ) ,  may b e  d e f i n e d  as 
c  
E(x, z) &*(x + Ax, z )  
- 
pc(Ax> = 
Assuming u n i t y  ampli tude f o r  t h e  i n c i d e n t  wave, and eva lua t ing  
p (Ax) a t  t h e  s c r een ,  
e 
Since  @ (x ) and 4 (x  + Ax ) a r e  random v a r i a b l e s  having 
0 0 0 
zero mean va lues  and a r e  descr ibed  by a j o i n t  Gaussian p r o b a b i l i t y  
d i s t r i b u t i o n  ( i n  view of equa t ion  3 . 1 ) ,  i t  is  p o s s i b l e  t o  show 
(Mercier , 1962) 
By d e f i n i t i o n  
For a s t a t i s t i c a l l y  s t a t i o n a r y  s c r een  
The a u t o c o r r e l a t i o n  of complex ampli tude a t  t h e  s c r een  i s  t h e r e f o r e  
given by 
By v i r t u e  of t h e  Wiener Kin tch ine  theorem, W ( s )  a t  t h e  s c r e e n  
c  
i s  t h e  Four i e r  Transform of p (Ax ). For p lane  wave i l l u m i n a t i o n  
@ 0 
t h e r e f o r e ,  
Wc(s) = exp (-2njsAx / A )  exp {-$I [ l  - 
0 0 
Expanding t h e  second exponent ia l  term i n t o  a  Taylor  s e r i e s ,  and 
r ep l ac ing  p (Ax ) by i ts  va lue  from equat ion  3 .2  y i e l d s  Q 0 
exp [-n (Ax ) / 2 ~ ~ ~ ~  ] 1 d (Ax ) . (3.11) 
0 0 
In te rchanging  t h e  o rde r  of summation and i n t e g r a t i o n ,  and i n t e g r a t i n g ,  
y i e l d s  f i n a l l y  f o r  t h e  spectrum of complex ampli tude:  
exp (-271'~ 2s2n '2)])  . (3.12) 
c  0 
where 6 ( s )  is a  Dirac d e l t a  func t ion  and r ep resen t s  t h e  u n d i f f r a c t e d  
o r  specu la r  component. 
E s s e n t i a l l y  s i m i l a r  r e s u l t s  have been obtained by F e j e r  (1953), 
Bramley (1954), and F e i n s t e i n  (1954). Fe j e r  pointed out  t h a t  by 
approximating the  f a c t o r i a l  term wi th  S t i r l i n g ' s  formula i t  can be 
shown t h a t  f o r  l a r g e  4 , t h e  major con t r ibu t ion  t o  W ( s )  comes from 
0 c  
terms up t o  n approximately equal  t o  4 ' , a s i t u a t i o n  analogous t o  
0 
t h a t  found f o r  t h e  cos inusoida l  sc reen .  It should a l s o  be  noted t h a t  
due t o  t h e  complex conjugate  involved i n  t h e  d e f i n i t i o n  of W ( s )  and 
C 
pc(Ax), f o r  plane wave i l l umina t ion  both W ( s )  and p (Ax) a r e  
C C 
i n v a r i a n t  wi th  d i s t a n c e  and equal  t o  t h e i r  va lues  a t  t h e  screen .  
3.3 The Spec ia l  Case of Small 4 
0 
I f  4 i s  smal l ,  only t h e  f i r s t  term i n  t h e  s e r i e s  expansion 
0 
i n  equat ion  3.12 is  important .  I f  t h e  specular  component i s  ignored,  
and t h e  spectrum rep resen t ing  t h e  complex s c a t t e r e d  power i s  denoted 
by Wcs(s), then  t h e  normalized va lue  of W ( s )  is given by 
@S 
Wcs ( s )  = exp ( - ~ I T ~ L ~ ' S ~ / A ~ ) .  
It shou ld  b e  no ted  t h a t  Wcs(s) h a s  t h e  same form as t h e  power 
spectrum of phase  a t  t h e  s c r e e n  o b t a i n e d  by t a k i n g  t h e  F o u r i e r  
t r a n s f o r m  of Pd)(x ) . 
0 
The ampl i tude  and phase  of E ( x ,  z )  r a t h e r  t h a n  E ( x ,  z )  
i t s e l f  a r e  t h e  q u a n t i t i e s  most e a s i l y  measured a t  t h e  ground. By 
analogy w i t h  e q u a t i o n s  2.34 and 2 .35,  Bowhill  (1961) h a s  expressed  
t h e  ampl i tude  and phase  of t h e  s c a t t e r e d  f i e l d  i n  terms of t h e  
r e a l  and imaginary p a r t s  of E(x, z ) ,  and r e l a t e d  t h e s e  t o  W ( s ) .  
c s  
I n  f a c t  B o a h i l l  s o l v e d  t h e  problem f o r  a  two d imens iona l  s c r e e n .  
I £  t h e  one d imens iona l  approximat ion used i n  t h i s  r e s e a r c h  i s  v a l i d ,  
i t  would b e  expec ted  t h a t  t h e  two dimensional  s o l u t i o n s  r a p i d l y  
approach t h e  one d imens iona l  s o l u t i o n s  as t h e  s c a l e  s i z e  i n  one 
d i r e c t i o n  was l eng thened  w i t h  r e s p e c t  t o  t h e  s c a l e  s i z e  i n  t h e  
o t h e r  d i r e c t i o n .  Such i s  found t o  b e  t h e  c a s e .  The two dimensional  
c o r r e l a t i o n s  of ampl i tude  and phase  f o r  example, show e q u i v a l e n t  
s c a l e  s i z e s  a long  t h e  s m a l l e r  d i r e c t i o n  which are w i t h i n  , 2  p e r c e n t  
of t h e  one d imens iona l  v a l u e s  a t  a l l  d i s t a n c e s  from t h e  s c r e e n ,  i f  
t h e  two d imens iona l  p a t t e r n  e l o n g a t i o n  is  on ly  f o u r  t o  one.  T h i s  
p o i n t  i s  d i s c u s s e d  f u r t h e r  by Br iggs  and P a r k i n  (1963) ,  who a l s o  
concluded t h a t  f o r  e longa ted  two d imens iona l  p a t t e r n s ,  t h e  one 
d imens iona l  approximat ion i s  v a l i d ,  excep t  i n  t h e  d i r e c t i o n  of 
e l o n g a t i o n .  
The r e l a t i o n s  d e r i v e d  by Bowhill  i n  one d imens iona l  form a r e  
Ba(s) = Ncs ( s )  s i n 2  ( n s 2 z / h )  
where W ( s )  and W ( s )  a r e  t h e  power s p e c t r a  of amplitude and phase 
a P 
f l u c t u a t i o n s  r e s p e c t i v e l y .  A s  i n  t h e  ca se  of t h e  cos inuso ida l  
sc reen ,  t h e  t r igonometr ic  terms a c t  a s  s p a t i a l  f i l t e r s  on t h e  shape 
of t h e  s p e c t r a ,  and c l o s e  t o  t h e  screen  t h e  phase spectrum W ( s )  i s  
P  
a  b e t t e r  r e p r e s e n t a t i o n  of W ( s ) ,  and consequently of t h e  spectrum 
C S 
of t h e  sc reen  phase, than  is  t h e  amplitude spectrum W ( s ) .  This  is  
a  
i l l u s t r a t e d  i n  F igure  3 .1  i n  which t h e  normalized va lues  of W ( s ) ,  
C s 
W ( s ) ,  and W (s) a r e  p l o t t e d  versus  s f o r  a  X of seven meters ,  a  
a  P  
d i s t a n c e  from t h e  screen  of 250 k i lometers ,  and an L of 1 . 5  
c  0 
k i lometers .  
The a c t u a l  forms of t h e  amplitude and phase c o r r e l a t i o n s  a t  
t h e  ground may be  found by tak ing  t h e  inve r se  Four ie r  t ransforms of 
Wa(s) and W ( s ) .  Define t h e  fol lowing q u a n t i t i e s :  
P  
Then S and S a r e  given by 
a  P  

Bowhil l ' s  (1961) r e s u l t s  f o r  pa(Ax), t h e  c o r r e l a t i o n  of ampli tude,  
and p  (Ax), t h e  c o r r e l a t i o n  of phase,  then become: 
P  
( A X ) ~ @ / ~ L  ] cos [ a ( h x ) % / 2 ~  -y] . (3.22) 
c  0 c  0 
Due t o  t h e  f i l t e r i n g  e f f e c t  of t h e  t r igonometr ic  terms on 
t h e  s p e c t r a ,  i t  may be  seen t h a t  pa(hx) and p  (Ax) do no t  have t h e  
P  
same form. For t h e  sake  of ob t a in ing  a  measure of t h e  r e l a t i v e  
s i z e s  of both correlograms,  Bowhill has  suggested t h a t  t h e  a c t u a l  
correlograms be  f i t t e d  i n  t h e  v i c i n i t y  of t h e i r  o r i g i n s  by Gaussian 
f u n c t i o n s ,  whose s tandard  dev ia t i ons  may be  considered a s  being 
equiva len t  s c a l e  s i z e s .  I n  t h e s e  terms, Bowhill has  shown t h a t  t h e  
equiva len t  s c a l e  s i z e s  of ampli tude,  Lea' and of phase L a r e  c  P  
r e l a t e d  t o  L by 
c  0 
Lea = L I 
1 + 8-"% [cosy - a ( s i n  y)  1 
1 - cos y  
( 3 . 2 4 )  
c  P  1 + f3-5/4 [COS y  - a ( s i n  y ) ]  
The r a t i o s  of L and L over  L a r e  p l o t t e d  i n  Figure 3 . 2 .  
c  a  C P c  o 
A s  expected,  f o r  smal l  o r  i n t e rmed ia t e  va lues  of ''a" t h e  phase 
s c a l e  s i z e  i s  weighted somewhat toward l a r g e r  s p a t i a l  components, 
and t h e  ampli tude s c a l e  s i z e  i s  weighted very heav i ly  toward sma l l e r  
components of t h e  s p a t i a l  v a r i a t i o n  i n  t h e  s c r een .  It must be  
emphasized t h a t  t h e  r e l a t i o n s  developed i n  t h i s  chap te r  hold only 
f o r  s c r eens  which have t r u l y  Gaussian phase c o r r e l a t i o n s  f o r  a l l  
va lues  of ax  . Unless t h e  a c t u a l  form of t h e  s c r een  phase co r r e l a -  
0 
t i o n  is known a  p r i o r i  s o  t h a t  t h e  r e l a t i o n  between ampli tude s c a l e  
s i z e  and sc reen  parameters can be  computed, measurements on t h e  
ampli tude p a t t e r n  a lone  cannot be expected,  i n  gene ra l ,  t o  y i e l d  
v a l i d  in format ion  on t h e  s c a l e  s i z e  of t h e  s c r een  v a r i a t i o n s .  
This  impl ies  t h a t  many of t h e  measurements of i r r e g u l a r i t y  parameters  
which have been l i m i t e d  t o  amplitude measurements, such a s  those  
d i scussed  i n  Chapter V I I I * ;  may have l i m i t e d  va lue .  
m
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It i s  i n t e r e s t i n g  t o  expand equat ion 3.19 f o r  smal l  "ass  and 
compare t h e  va lue  of S so  obta ined  t o  t h a t  obtained f o r  a  cos inuso ida l  
a  
sc reen  a t  small  d i s t ances  from t h e  screen .  For a  random sc reen  t h e  
r e s u l t  is 
Equation 2 . 3 2  y i e l d s  f o r  a  cosinusoidal.  sc reen ,  
The d i f f e r e n c e  between the  f a c t o r  of t h r e e  e igh ths  f o r  a  Gaussian 
screen  a s  compared t o  one thir ty-second f o r  a  cos inusoida l  s c reen  
r e f l e c t s  t h e  f a c t  t h a t  a  Gaussian screen  has more high frequency 
components than a  cos inusoida l  s c reen  of t h e  same equiva len t  
c o r r e l a t i o n  s c a l e  s i z e  and so t h e  p a t t e r n  b u i l d s  up f a s t e r .  
The behavior of t he  Gaussian and cos inusoida l  sc reens  should 
a l s o  be examined a t  l a r g e  d i s t ances  from t h e  screen .  For a  Gaussian 
screen  wi th  small  0 , both sa2 and S approach a  l i m i t i n g  va lue  of 
0 P  
9 " 2  a t  l a r g e  d i s t a n c e s  from t h e  screen ,  while  i n  t h e  case  of a  
0 
cos inusoida l  s c reen  wi th  smal l  phase dev ia t ion ,  S  ' and S ' cont inue  
a  P  
t o  o s c i l l a t e  between Oand $ 1 2  a s  z approaches i n f i n i t y .  This  
d i f f e r e n c e  is  due t o  t h e  l a c k  of coherence between s c a t t e r s  s epa ra t ed  
by l a r g e  d i s t ances  i n  a  random sc reen ,  a s  compared t o  t h e  r egu la r  
behavior of widely separa ted  s c a t t e r s  i n  a  s i n g l e  component p e r i o d i c  
screen .  
3.4 The Case of Large @ 
0 
3 .4 .1  The Amplitude P a t t e r n  
Unfortunately f o r  t h e  case  of l a r g e  @ , no simple i d e n t i f i -  
0 
c a t i o n  can be  made between t h e  des i r ed  s p e c t r a  of amplitude and 
phase, and t h e  known spectrum W ( s ) .  Since t h e  screen  phase 
c  
dev ia t ion  i s  random, t h e  f i e l d s  cannot be obtained e x p l i c i t l y  a s  
was t h e  case  f o r  t h e  d e t e r m i n i s t i c  cos inusoida l  s c reen ,  and 
consequently only r e s u l t s  i n  c e r t a i n  s p e c i a l  cases  a r e  a v a i l a b l e  
f o r  t h e  genera l  c a s e  of l a r g e  $I . 
0 
Mercier (1962) was a b l e  t o  o b t a i n  an express ion  f o r  t h e  
c o r r e l a t i o n  of square  amplitude ( i n t e n s i t y )  of t h e  d i f f r a c t e d  f i e l d  
under t h e  assumption of a  Gaussian p r o b a b i l i t y  d i s t r i b u t i o n  of 
sc reen  phase. He a l s o  assumed normal inc idence ,  and a  two dimen- 
s i o n a l  c o r r e l a t i o n  func t ion  f o r  t h e  sc reen  phase dev ia t ions  i n  which 
t h e  contours  of equal  c o r r e l a t i o n  were c i r c l e s .  Bramley (1967) 
extended t h i s  work t o  obl ique  inc idence ,  and a n i s o t r o p i c  c o r r e l a t i o n  
contours .  E s s e n t i a l l y  t h e  method employed cons is ted  of expressing 
t h e  e l e c t r i c  f i e l d  a t  t h e  ground by t h e  Kirchhdff i n t e g r a l ,  which 
may be shown t o  be  i d e n t i c a l  t o  t h e  i n t e g r a l  which remains i n  t h e  
angular  spectrum formulat ion a f t e r  t he  i n t e g r a t i o n  on s only has 
been performed. The q u a n t i t i e s  E(x,  z )  , E,' (x, z )  , E(x + Ax, z )  , 
and - E*(x + Ax, z )  may then be expressed a s  four  i n t e g r a l s ,  and the  
c o r r e l a t i o n  of square  amplitude may be  obtained by s u i t a b l y  
m u l t i p l y i n g  and a v e r a g i n g  t h e  p roduc t  of t h e  f o u r  i n t e g r a l s  a f t e r  
s u i t a b l e  change of v a r i a b l e .  I n  t h i s  f o r m u l a t i o n ,  t h e  c o r r e l a t i o n  
of s q u a r e  ampl i tude  is  d e f i n e d  a s  
Unfor tuna te ly ,  t h e  r e s u l t i n g  i n t e g r a l  o b t a i n e d  by Bramley can 
n o t  b e  i n t e g r a t e d  a n a l y t i c a l l y  i n  g e n e r a l .  If i t  i s  assumed t h a t  
t h e  c o r r e l a t i o n  f a l l s  o f f  w i t h  x  w i t h  a t  l e a s t  a  Gaussian r a t e ,  
0 
and i f  t h e  i n t e g r a l  i s  e v a l u a t e d  on ly  i n  t h e  l i m i t  a s  z approaches  
i n f i n i t e ,  t h e  r e s u l t  becomes : 
exp [2@ 2p (Ax, z = O ) ]  -1 
pa2(Ax, = 0 cb 
exp (2@ 2, -1 
0 
For l a r g e  $I and s m a l l  Ax, t h e  u n i t y  f a c t o r s  a r e  much s m a l l e r  t h a n  
0 
t h e  e x p o n e n t i a l s  and may b e  n e g l e c t e d .  I f  e q u a t i o n  3.2 f o r  p (Ax ) @ 0 
is  expanded i n t o  a  Tay lor  s e r i e s  t o  second o r d e r  i n  Ax , and t h e  
0 
r e s u l t  s u b s t i t u t e d  i n t o  e q u a t i o n  3.28,  t h e  r e s u l t  i s  
As z approaches  i n f i n i t y ,  t h e  t o t a l  f i e l d  a t  a  p o i n t  i n  t h e  
ground i s  composed of a  l a r g e  number of components o r i g i n a t i n g  from 
p o i n t s  on  t h e  s c r e e n  which are e s s e n t i a l l y  u n c o r r e l a t e d .  Under t h e s e  
c o n d i t i o n s  t h e  spectrum i s  randomly phased i n  t h e  s e n s e  of R a t c l i f f e  
(1956) and t h e  s i t u a t i o n  i s  analogous t o  t h e  problem i n  n o i s e  t h e o r y  
i n  which t h e  ampl i tude  o f  t h e  sum of independent  n o i s e  v e c t o r s  i s  
d e s i r e d .  Under t h e s e  c o n d i t i o n s  i t  is  expected t h a t  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  of t h e  ampl i tude  w i l l  b e  Rice  Rayleigh i n  form,  a s  
h a s  a c t u a l l y  been e s t a b l i s h e d  f o r  t h e  d i f f r a c t i o n  problem by Mercier  
(1962).  The c o r r e l a t i o n  of s q u a r e  ampl i tude ,@ 2(Ax, a) may t h e n  b e  
a  
shown t o  b e  approximately  e q u a l  t o  t h e  c o r r e l a t i o n  of a m p l i t u d e  
@,(Ax, a) i f  t h e  s p e c u l a r  component of t h e  d i f f r a c t e d  f i e l d  i s  s m a l l  
(Bramley, 1951) .  S i n c e  t h e  s p e c u l a r  component i s  g iven  by t h e  
-4 
f a c t o r  e O 6 ( s )  from e q u a t i o n  3.12,  t h i s  c o n d i t i o n  is  f u l f i l l e d  
f o r  l a r g e  4 , and consequen t ly ,  a t  l e a s t  f o r  s m a l l  v a l u e s  of Ax, 
0 
pa ( b x , ~ )  i s  g iven  by e q u a t i o n  3.29. 
The c o r r e l a t i o n  s c a l e  s i z e  f o r  ampl i tude  f a r  from t h e  s c r e e n  
is  t h e n  s e e n  t o  b e  approximately  t h a t  of t h e  phase  a t  t h e  s c r e e n  
d i v i d e d  by t h e  f a c t o r  21'2@ . T h i s  r e l a t i o n ,  even though developed 
0 
on t h e  assumption of a  random s c r e e n ,  y i e l d s  t h e  approximate  o r d e r  
of magnitude of d e c r e a s e  of s c a l e  s i z e  w i t h  i n c r e a s i n g  mean s q u a r e  
phase  d e v i a t i o n  a s  t h a t  d i s p l a y e d  g r a p h i c a l l y  i n  F i g u r e  2 . 3  f o r  a 
c o s i n u s o i d a l  s c r e e n .  Fur thermore,  F i g u r e  2 . 3  i n d i c a t e s  t h a t  t h e  
ampl i tude  s c a l e  s i z e  does  n o t  depend s t r o n g l y  on d i s t a n c e  f o r  
moderate  z ,  and t h i s  might b e  t a k e n  t o  imply t h a t  t h e  r e d u c t i o n  
f a c t o r  developed on t h e  random s c r e e n  f a r  f i e l d  t h e o r y  might b e  
v a l i d  even a t  moderate d i s t a n c e s  from t h e  s c r e e n .  However, i n  a n  
a c t u a l  random s c r e e n ,  t h e  f i l t e r i n g  e f f e c t  of t h e  d i f f r a c t i o n  p r o c e s s  
on t h e  s c a l e  s i z e s  r e s p o n s i b l e  f o r  t h e  development of t h e  ampl i tude  
p a t t e r n  must n o t  b e  over looked,  and i t  is  t h e r e f o r e  l i k e l y  t h a t  t h e  
a c t u a l  r e d u c t i o n  f a c t o r  c l o s e  t o  t h e  s c r e e n  i s  even g r e a t e r  t h a n  
t h a t  o b t a i n e d  above. 
Although Mercier  (1962) and Bramley (196%) were  n o t  a b l e  t o  
e v a l u a t e  t h e i r  s o l u t i o n  a n a l y t i c a l l y  f o r  s m a l l  v a l u e s  of z ,  it i s  
s t i l l  p o s s i b l e  t h a t  a  numer ica l  e v a l u a t i o n  may b e  f e a s i b l e .  Merc ie r  
a t tem?ted a  numer ica l  e v a l u a t i o n  w i t h  a Gaussian form of s c r e e n  
a u t o c o r r e l a t i o n ,  b u t  u n f o r t u n a t e l y  t h e  numer ica l  methods employed 
b roke  down a t  a  mean s q u a r e  phase  d e v i a t i o n  of o n l y  two r a d i a n s .  
However, t h e  r e s u l t s  o b t a i n e d  showed no r a d i c a l  d i f f e r e n c e  from 
t h e  s m a l l  phase  s h i f t  f o r m u l a t i o n  e x c e p t  t h a t  a  s m a l l  maximum i n  
p a t t e r n  i n t e n s i t y  appeared a t  moderate  v a l u e s  of d i s t a n c e  from t h e  
s c r e e n ,  i n  t h e  same way a s  found f o r  a  c o s i n u s o i d a l  s c r e e n .  Merc ie r  
p o i n t e d  o u t  t h a t  t h i s  peaking e f f e c t  was due t o  t h e  f a c t  t h a t  h i g h  
phase  d e v i a t i o n s  w i l l  produce a  p o i n t  of focus  i n  t h e  r a y  o p t i c a l  
s e n s e  which i s  s o  c l o s e  t o  t h e  s c r e e n  t h a t  t h e  c o n t r i b u t i n g  a r e a  
of t h e  s c r e e n  i s  n o t  e n t i r e l y  i n c o h e r e n t  and s o  c o n s t r u c t i v e  i n t e r -  
f e r e n c e  e f f e c t s  can  occur .  
A s  a  check on t h e  f a r  f i e l d  ampl i tude  development,  e q u a t i o n  
3.28 may be  examined f o r  t h e  c a s e  of s m a l l  $I . I f  @ i s  s m a l l ,  a  
0 0 
Taylor s e r i e s  expansion of t h e  exponent ia l s  i n  t h e  numerator and 
denominator need only  go t o  f i r s t  o rder  i n  $I y i e l d i n g  
0 
For small  $I , Bramley (1950) shows t h a t  p  2(Ax,m) is aga in  equal  
o a  
t o  pa(Ax,OO) so  t h a t  i n  t h e  f a r  f i e l d  p  (Ax) = p (Ax, z = 0 ) ,  i n  
a  (P 
accordance wi th  equat ion 3 . 2 4 .  
3 . 4 . 2  The Phase P a t t e r n  
Unfortunately,  r e s u l t s  s i m i l a r  t o  those  obtained f o r  t h e  
amplitude p a t t e r n  do no t  seem poss ib l e  f o r  t h e  phase p a t t e r n  when 
@ i s  l a r g e .  The d e f i n i t i o n  of phase developed i n  Chapter I1 de f ines  
0 
phase over t h e  whole range of minus i n f i n i t y  t o  p lus  i n f i n i t y ,  and 
not  over t h e  range minus IT t o  p lus  IT r ad i ans .  A s  t h e  po in t  of 
observa t ion  moves away from the  screen  uncorre la ted  a r e a s  of t h e  
screen  c o n t r i b u t e  t o  t h e  p a t t e r n  and i n  t h e  f a r  f i e l d  t h e  phase 
c o r r e l a t i o n  s c a l e  becomes small .  The p r o b a b i l i t y  d i s t r i b u t i o n  of 
t he  p r i n c i p a l  va lue  of t h e  phase becomes uniform over t h e  i n t e r v a l  
minus IT to  p lus  IT. However, t h e  r e l a t i o n  of t h e  phase p a t t e r n  and 
s t a t i s t i c s  when t h e  phase i s  defined over an i n f i n i t e  i n t e r v a l  t o  
t h e  p a t t e r n  and s t a t i s t i c s  of t h e  p r i n c i p a l  va lue  of t h e  phase i s  
not  c l e a r  when t h e  amplitude of t h e  p a t t e r n  goes t o  zero ,  a s  occurs  
f o r  values of x and z f a r  from t h e  screen .  
I f  a r t e n t i o n  i f  g i v e n ,  however, t o  d i s t a n c e s  s o  c l o s e  t o  t h e  
s c r e e n  t h a t  r ay  o p t i c s  h o l d s ,  t h e n  t h e  phase  s c i n t i l l a t i o n  i n d e x  and 
s c a l e  s i z e  w i l l  b e  reasonab ly  c l o s e  t o  t h e  v a l u e s  a t  t h e  s c r e e n  
i t s e l f ,  and t h e  c a s e  of r h e  phase  p a t t e r n  f o r  l a r g e  4 can b e  t r e a t e d  
0 
s i m i l a r l y  t o  t h e  c a s e  of s m a l l  4 
0 
3.5 The R e l a t i o n  Between a  Thick Region of Inhomogenei t ies  and 
I n f i n i t e l y  Thin Phase  Screen  
Followfng t h e  method of Bramley (1967) c o n s i d e r  a  p l a n e  wave 
i n c i d e n t  on a  s l a b  of inhomogenei t fes  i n  e l e c t r o n  d e n s i t y  bounded by 
t h e  p l a n e s  z = 0 ,  and z = T d e f i n e d  by a  c a r t e s i a n  c o o r d i n a t e  sys tem 
o r i e n t e d  w i t h  p o s i t i v e  z f a c i n g  down. L e t  t h e  d i r e c t i o n  c o s i n e s  of 
~ h e  i n c i d e n t  wave normal b e  g iven  by m , m 2 ,  m i .  I f  t h e  wave 
f requency i s  s u f f i c i e n t l y  h i g h  compared t o  t h e  medium c o l l i s i o n  
f requency,  a b s o r p t i o n  i n  t h e  medium can  be  ignored .  I f  T i s  l e s s  
t h a n  a  c r i t i c a l  d i s t a n c e  which w i l l  b e  d i s c u s s e d  l a te r ,  r a y  o p t i c s  
can b e  assumed t o  h o l d ,  and t h e  d i f f e r e n t i a l  phase s h i f t s  a long  
two p a r a l l e l  p a t h s  through t h e  medium a r e  g iven  by 
where p  and p  denoee t h e  two p a t h s ,  p i s  t h e  t o t a l  p a t h  l e n g t h ,  
2 n 
~ ( p  ) and ~ ( p  ) a r e  t h e  p e r t u r b a t i o n s  i n  t h e  r e f r a c t i v e  index  a l o n g  
2 
t h e  two p a t h s ,  and k  i s  t h e  p ropaga t ion  c o n s t a n t  2 n I h .  
The autocovariance of phase then  becomes 
The c o r r e l a t i o n  of t he  r e f r a c t i v e  index v a r i a t i o n s  may b e  def ined  a s  
where 1-1 is  t h e  roo t  mean square va lue  of t h e  r e f r a c t i v e  index 
0 
v a r i a t i o n s .  I f  a formal change of v a r i a b l e  i s  performed such t h a t  
and the  r e s u l t i n g  Jacobian is  eva lua ted ,  then  equat ion 3 . 3 3  may be  
expressed i n  terms of Q and Q . S u b s t i t u t i n g  t h e  va lue  f o r  
1 2 
- p ) from equat ion 3 . 3 4  i n t o  t h e  r e s u l t i n g  express ion ,  and 
PJPI 2 
recognizing t h a t  p (p - p ) i s  an even func t ion  of Q y i e l d s  
1-I 1 2 2 
I f  t h e  i r r e g u l a r i t y  d i s t r i b u t i o n  w i t h  h e i g h t  i s  c o n s t a n t  o v e r  
a  d i s t a n c e  l a r g e  i n  comparison t o  t h e  c o r r e l a t i o n  s c a l e  i n  t h e  
d i r e c t i o n  of p r o p a g a t i o n ,  p may be  r e p l a c e d  w i t h  i t s  average  v a l u e  
0 
and f a c t o r e d  o u t  of t h e  i n t e g r a l .  S i n c e  t h e  remaining i n t e g r a n d  does  
n o t  depend on Q , and t h e  Q i n t e g r a t i o n  may b e  c a r r i e d  o u t  d i r e c t l y ,  
I 1 
y i e l d i n g  
I f  t h e  p a t h  l e n g t h  p  is  much g r e a t e r  t h a n  t h e  c o r r e l a t i o n  s c a l e  i n  
0 
t h e  d i r e c t i o n  of p r o p a g a t i o n ,  pp (Q,) w i l l  approach z e r o  s m a l l  w h i l e  
Q i s  s t i l l  s m a l l  compared t o  p  . Consequent ly ,  t h e  (po  - Q ) t e r q  
2 0 2 
may b e  r e p l a c e d  by p  and f a c t o r e d  o u t  of t h e  i n t e g r a l .  For t h e  
0 
same r e a s o n ,  t h e  l i m i t s  of i n t e g r a t i o n  may be  r e p l a c e d  by O and coy 
and s i n c e  t h e  i n t e g r a l  i s  even,  
@ ( p 7 ) $ ( p 2 )  w i l l  normal ly  b e  e v a l u a t e d  i n  a p l a n e  of c o n s t a n t  
4 
z ,  and t h e r e f o r e  e q u a t i o n  3.39 s t a t e s  t h a t  au tocovar iance  of phase  
a t  t h e  b a s e  of t h e  l a y e r  may be  found s imply by i n t e g r a t i n g  t h e  
a u t o c o r r e l a t i o n  of e l e c t r o n  d e n s i t y  v a r i a t i o n s  a long  s t r a i g h t  l i n e s  
( i n  t h e  r a y  o p t i c a l  approximat ion)  through t h e  l a y e r .  Thus, t h e  
f r r e g u l a r i t i e s  i n  t h e  l a y e r  may b e  imagined t o  be  o p t i c a l l y  p r o j e c t e d  
o n t o  a p l a n e  a t  t h e  b a s e  of t h e  l a y e r .  
The c o r r e l a t i o n  of r e f r a c t i v e  index v a r i a t i o n s  w i l l  be  assumed 
t o  be  an e l l i p s o i d  of r evo lu t ion  wi th  t h e  long a x i s  a long t h e  ~ a r t h ' s  
magnetic f i e l d .  Along any r ad ius  t h e  c o r r e l a t i o n  w i l l  b e  taken a s  
Gaussian wi th  s c a l e  s i z e  L i n  a  d i r e c t i o n  t r a n s v e r s e  t o  t h e  f i e l d ,  
c  0 
and L /h along t h e  f i e l d  l i n e .  For convenience t h e  magnetic f i e l d  
c  0 
l i n e s  w i l l  be  taken a s  l y i n g  i n  t h e  y ,  z  p lane  wi th  d i p  ang le  I. 
p w i l l  then  have t h e  form wi th  r e spec t  t o  t h e  x,  y ,  z  a x i s .  ?-' 
pM (9, y,  z )  = exp { - l / 2 ~  [x2 + y2 ( s i n 2 1  + h 2  cos21) 
c  0 
+ z (cos I + h s i n  I )  -2 (1-h ) s i n 1  
Since p and p a r e  p a r a l l e l ,  i f  t he  d i s t a n c e  between p and 
1 2 1 
p  i n  t h e  p lane  x ,  y ,  T has components Ax, 4, t h e  coord ina tes  of 
2 
a poin t  on p r e l a t i v e  t o  t hose  on p w i l l  have components m Q + hx, 
2 1 1 2  
m Q + &, m Q . I n  terms of Q , pM (x, y ,  z )  then  becomes 
2 2 3 2 2 
pp (Q2) = exp { - . 5 ~  -2 [(m Q +  AX)^ + (m Q + F 
c 0 1 2  2 2 1 
where 
F = s i n 2 1  + h 2  cos21  
Expanding equa t ion  3.41, s u b s t i t u t i n g  t h e  r e s u l t  i n t o  equa t ion  3.37 
and i n t e g r a t i n g  y i e l d s  
4n2 (2n) ' 2 ~ c  p  p 2 
$(P  ) @(p2)  = { exp -1/(2F L  2 ) [  
1. A 2  1 2 7 co 
F (Ax) + F (Ay) + F (Ax) (Ay) ] 1 
4 5 6 
where 
The e x p o n e n t i a l  f a c t o r  i s  s e e n  t o  b e  t h e  c o r r e l a t i o n  o f  phase  
i n  t h e  b a s e  p l a n e  x ,  y ,  T, w h i l e  t h e  c o e f f i c i e n t  of t h e  e x p o n e n t i a l  
g i v e s  t h e  mean s q u a r e  phase  d e v i a t i o n .  These e x p r e s s i o n s  do n o t  
a g r e e  w i t h  t h o s e  i n  Bramley's  work, which seem t o  be  i n  e r r o r .  I f  
e q u a t i o n  3.42 i s  examined, i t  i s  s e e n  t h a t  t h e  c o r r e l a t i o n  of phase  
i n  t h e  b a s e  p l a n e  is Gaussian,  and h a s  c o n t o u r s  of e q u a l  c o r r e l a t i o n  
which a r e  e l l i p t i c a l .  For a n g l e s  of i n c i d e n c e  n o t  t o o  c l o s e  t o  t h e  
magnet ic  f i e l d  d i r e c t i o n ,  t h e  e l l i p s e  w i l l  b e  e l o n g a t e d ,  w i t h  major 
a x i s  i n  t h e  approximate  d i r e c t i o n  of t h e  p l a n e  of i n c i d e n c e .  
I f  t h e  magnet ic  f i e l d  i s  assumed t o  b e  comple te ly  v e r t i c a l ,  
t h e  d e c l i n a t i o n  o f  t h e  f i e l d  w i l l  b e  z e r o ,  and t h e  x ,  y ,  z  frame 
may be  r o t a t e d  s o  t h a t  t h e  y  a x i s  l i e s  i n  t h e  d i r e c t i o n  of i n c i d e n c e .  
Then '' m " is  z e r o ,  and e q u a t i o n  3.42 reduces  t o  
1 
4~ ( 2 ~ )  ' T s e c  eZ p 'L 
$(P )$ (p2)  = ' C 0  exp 1-.5[ 
I ~ ~ ( s i n ~ 8 ~  + h 2 c o s 2 8 ) '  
z 
where 8  i s  t h e  z e n i t h  a n g l e  of t h e  i n c i d e n t  r a y .  T h i s  e x p r e s s i o n  
z  
i s  s i m i l a r  t o  one o b t a i n e d  by DeBarber (1962) f o r  t h i s  s p e c i a l  c a s e .  
It i s  t h e r e f o r e  s e e n  t h a t  i f  r a y  o p t i c s  can b e  a p p l i e d  over  
t h e  t h i c k n e s s  of t h e  inhomogeneity r e g i o n ,  t h e  t h i c k  l a y e r  can  b e  
r e p l a c e d  by a t h i n  s c r e e n  l o c a t e d  a t  t h e  p l a n e  x, y ,  T. The 
c o r r e l a t i o n  of phase  i n  t h i s  s c r e e n  w i l l  be t h e  g e o m e t r i c a l  
pro jec t ion  of t h e  t h r e e  dimensional c o r r e l a t i o n  of r e f r a c t i v e  index 
v a r i a t i o n s ,  and w i l l  b e  elongated i n  t h e  approximate d i r e c t i o n  of t h e  
plane of inc idence  i f  t h e  o r i g i n a l  i r r e g u l a r i t i e s  were elongated,  and 
i f  t h e  i nc iden t  ray  i s  not  nea r ly  p a r a l l e l  t o  t h e  magnetic f i e l d  
d i r e c t i o n ,  Furthermore, i f  t h e  elongat ion is g r e a t ,  h  w i l l  approach 
zero and t h e  contours  of cons tan t  c o r r e l a t i o n  w i l l  qu ick ly  approach 
s t r a i g h t  l i n e s  except  along d i r e c t i o n s  nea r ly  p a r a l l e l  wi th  t h e  y 
a x i s ,  a s  can be seen  from equat ion 3.43. 
For example, f o r  a  z e n i t h  angle  of 45 degrees o r  l e s s ,  t h e  
e r r o r  introduced by us ing  t h e  s t r a i g h t  l i n e  approximation f o r  t he  
contours  of cons tan t  phase is  l e s s  than four  percent  f o r  a  four  t o  
one e longat ion  along p o i n t s  l y ing  wi th in  45 degrees of t h e  x a x i s ,  
and t h e  e r r o r  i nc reases  t o  only 20 percent  f o r  p o i n t s  70 degrees 
from t h e  x a x i s .  This  i s  a  f u r t h e r  j u s t i f i c a t i o n  f o r  using a  one 
dimensional d i f f r a c t i o n  theory t o  i n v e s t i g a t e  d i f f r a c t i o n  e f f e c t s  
i n  d i r e c t i o n s  t r ansve r se  t o  t h a t  of p a t t e r n  e longat ion .  
3.6 T h e L i m i t o f  t h e R a y  Op t i ca lReg ion  
I f  t h e  th ickness  of t h e  inhomogeneity reg ion  i n  t h e  d i r e c t i o n  
of propagat ion i s  l e s s  than  t h e  d i s t a n c e  de f in ing  t h e  l i m i t  of 
v a l i d i t y  t h e  ray  o p t i c a l  approximation, t h e  t h i c k  reg ion  can be  
co l lapsed  i n t o  an equiva len t  t h i n  screen .  I f  t h e  d i s t a n c e  from t h e  
top of t h e  i r r e g u l a r i t y  reg ion  t o  t h e  ground is l e s s  than t h i s  
c r i t i c a l  d i s t a n c e ,  ray o p t i c s  can be appl ied over t h e  whole range 
from t h e  top of t h e  i r r e g u l a r i t y  l a y e r  t o  t h e  ground. To f i n d  t h i s  
c r i t i c a l  d i s t a n c e  i n  analogy wi th  t h e  method used i n  s e c t i o n  2.2.3,  
t h e  s c a t t e r i n g  angle  f o r  a  random screen  is needed. 
By employing ray  o p t i c s ,  Beckmann (1965) has shown t h a t  t h e  
angular  d e f l e c t i o n  of t h e  i n c i d e n t  ray has mean square va lue  0 
where 
where L is  t h e  s c a l e  s i z e  i n  t h e  d i r e c t i o n  t r ansve r se  t o  t h a t  of 
c  
propagat ion.  Since t h e  s m a l l e s t  s c a l e  s i z e  w i l l  y i e l d  t h e  l a r g e s t  
s c a t t e r i n g  angle  and consequently t h e  sma l l e s t  l i m i t  on t h e  d i s t a n c e  
over which t h e  ray o p t i c a l  l i m i t  ho lds ,  L can be s u b s t i t u t e d  
c  0 
f o r  L without  adversely e f f e c t i n g  t h e  es t imat ion  of t h e  c r i t i c a l  
C 
d i s t a n c e .  The r o o t  mean square  beam d e f l e c t i o n  must be l e s s  than 
L o r  f o r  t h e  inc iden t  wave wi th  zen i th  angle  8 
c 0 z 
It can be seen  t h a t  t h i s  l i m i t  i s  more conserva t ive  than t h e  one 
obta ined  from t h a t  f o r  a  cos inusoida l  sc reen  given i n  equat ion 2.26 
wi th  L replaced by 2n L . This i s  due t o  t h e  f a c t  t h a t  t h e  ray  
S C 
displacement he re  has been requi red  t o  be smal l  compared t o  L n o t  
c , 
These c a l c u l a t i o n s  have assumed plane wave i l l umina t ion .  For 
t h e  s a t e l l i t e  a t  a  f i n i t e  d i s t a n c e  above the  i r r e g u l a r i t y  l a y e r ,  
s e c t i o n  2.5 shows t h a t  i r r e g u l a r i t i e s  a t  d i f f e r e n t  h e i g h t s  w i t h i n  
t h e  l a y e r  w i l l  p r o j e c t  t o  t h e  ground wi th  d i f f e r e n t  po in t  source  
magni f ica t ions .  I f  t h e  i r r e g u l a r i t y  he igh t  d i s t r i b u t i o n  i s  symme- 
t r i c a l  about some average va lue ,  t h e  l a r g e r  p r o j e c t i o n s  of t h e  
i r r e g u l a r i t i e s  h igh  i n  t h e  l a y e r  would be expected t o  be  o f f s e t  by 
t h e  smaller p r o j e c t i o n s  of i r r e g u l a r i t i e s  low i n  t h e  l a y e r .  This  
sugges t s  t h a t  an adequate d e s c r i p t i o n  of t h e  po in t  source  e f f e c t s  
can be  ob ta ined  by applying t h e  po in t  source  c o r r e c t i o n  c a l c u l a t e d  
a t  t h e  average he igh t  of t h e  l a y e r  t o  t h e  l a y e r  d e s c r i p t i o n  
obta ined  from t h e  p lane  wave a n a l y s i s .  
Numerical c a l c u l a t i o n s  f o r  a  s a t e l l i t e  a t  1000 km, an average 
l a y e r  he igh t  of 500 km, and ionospher ic  s c a l e  s i z e s  of .25 t o  4 km 
have been performed t o  determine t h e  e r r o r  involved i n  t h i s  approxi- 
mation. They have shown t h a t  f o r  a  uniform i r r e g u l a r i t y  d i s t r i b u t i o n  
wi th  h e i g h t ,  t h e  d i f f e r e n c e  between t h e  a c t u a l  phase a u t o c o r r e l a t i o n  
on t h e  ground, and t h e  Gaussian one obtained by applying t h e  p o i n t  
source  magni f ica t ion  eva lua ted  a t  t h e  middle of t h e  l a y e r  is  less 
than t h r e e  percent  f o r  a l l  va lues  of c o r r e l a t i o n  g r e a t e r  than  one 
t h i r d  f o r  l a y e r  th icknesses  up t o  300 km. S imi l a r  c a l c u l a t i o n s  on 
l a y e r s  wi th  Gaussian he igh t  d i s t r i b u t i o n s  w i th  s tandard  dev ia t i ons  
of up t o  75 km y i e lded  e r r o r s  of l e s s  than seven percent  over t h e  
same range of c o r r e l a t i o n s .  S ince  t h i s  approximate method pe r se rves  
t h e  ea se  of phys i ca l  i n t e r p r e t a t i o n  of t h e  r ay  o p t i c a l  formula t ion ,  
s i a c e  no adequate d e s c r i p t i o n  of t h e  a c t u a l  i r r e g u l a r i t y  he igh t  
d i s t r i b u t i o n  i s  a v a i l a b l e ,  and s i n c e  t he  e r r o r s  should be  sma l l  i n  
any ca se ,  t h i s  approximate procedure w i l l  t h e r e f o r e  be  adopted. 
The l i m i t  of t h e  ray  o p t i c a l  reg ion  then becomes 
z  << 2n cos 0 L (zi + z )/(A2 @ ) 
z co 0 0 0 
where zi and z a r e  t h e  d i s t a n c e s  from t h e  ground t o  t h e  average 
0 
he igh t  of t h e  i r r e g u l a r i t y  l a y e r ,  and from t h e  average he igh t  of 
t h e  i r r e g u l a r i t y  l a y e r  t o  t h e  s a t e l l i t e ,  r e s p e c t i v e l y .  Taking 
t y p i c a l  va lues  of 45 degrees  f o r  e Z ,  1 . 5  r ad i ans  f o r  4 , 500 km 
0 
f o r  z and z  , 2 km f o r  L , and 7 meters f o r  A, y i e l d s  a  l i m i t  i o C o 
on z of approximately 3300 km. Since t h i s  d i s t a n c e  is  much g r e a t e r  
than  t h a t  from t h e  t o p  of t h e  i r r e g u l a r i t y  l a y e r  t o  t h e  ground, i t  
would seem t h a t  ray o p t i c s  should ho ld ,  a t  l e a s t  a s  f a r  a s  a  desc r ip -  
t i o n  of t h e  phase p a t t e r n  is concerned, f o r  a11 but  t h e  s m a l l e s t ,  
most dense,  i r r e g u l a r i t i e s .  
F e i n s t e i n  (1954) has  shown t h a t  Wc(s) f o r  a  t h i c k  inhomo- 
gene i ty  reg ion  is given by t h e  t h i n  s c r een  express ion ,  equa t ion  3.10,  
where p (Ax ) i s  found by i n t e g r a t i n g  t h e  e l e c t r o n  dens i ty  auto-  @ 0 
c o r r e l a t i o n  along s t r a i g h t  l i n e s  i n  t h e  medium a s  given i n  t h e  
exponent ia l  term i n  equa t ion  3.42. H e  has  shown t h a t  t h i s  s t r a i g h t  
l i n e  i n t e g r a t i o n  i s  c o r r e c t  even i f  t h e  p e r t i n e n t  i r r e g u l a r i t i e s  
a r e  s o  smal l  t h a t  ray  o p t i c s  cannot be app l i ed  throughout t h e  whole 
l a y e r .  Since W ( s )  t h e r e f o r e  has  t h e  same form f o r  a t h i c k  r eg ion  
C 
as f o r  a  t h i n  s c r e e n ,  t h e  f a r  f i e l d  e x p r e s s i o n s  f o r  t h e  ampl i tude  
p a t t e r n  d i s c u s s e d  i n  s e c t i o n  2 .4 .1  a r e  a l s o  c o r r e c t  f o r  t h e  
p a t t e r n  caused by a t h i c k  inhomogeneity l a y e r .  S i n c e  a knowledge 
of W ( s )  s t i l l  does n o t  y i e l d  i n f o r m a t i o n  on t h e  manner o r  r a t e  a t  
C 
which t h e  ampl i tude  p a t t e r n  b u i l d s  up w i t h i n  o r  c l o s e  t o  t h e  
inhomogeneity l a y e r ,  a complete  s o l u t i o n  of t h e  t h r e e  d imens iona l  
d i f f r a c t i o n  problem is  n e c e s s a r y  t o  adequa te ly  t r e a t  t h e  n e a r  f i e l d  
ampl i tude  p a t t e r n .  
I V .  THE MEASUREMENT OF IRREGULARITY PARAMETERS 
4.1 In t roduc t ion  
A s  t h e  s a t e l l i t e  moves, t h e  d i f f r a c t i o n  p a t t e r n  on t h e  ground 
w i l l  t r a n s l a t e  and r o t a t e  analogously t o  t h e  manner i n  which a  sun- 
d i a l  gnomon's shadow moves due t o  t h e  motion of t h e  sun,  an analogy 
which seems t o  have f i r s t  appeared i n  t h e  l i t e r a t u r e  i n  t h e  paper  
of McClure and Swenson (1964). Without a  p r o h i b i t i v e  number of 
ground s t a t i o n s ,  i t  i s  impossible  t o  o b t a i n  t h e  complete s p a t i a l  
c h a r a c t e r i s t i c s  of t h e  p a t t e r n  on t h e  ground a t  any one i n s t a n t  of 
t i m e ,  However, by measuring t h e  t i m e  v a r i a t i o n s  of t h e  p a t t e r n  a t  
a  l i m i t e d  number of c l o s e l y  spaced s t a t i o n s ,  t h e  average s i z e  and 
he igh t  of t h e  i r r e g u l a r i t i e s  may s t i l l  be  ob ta ined  i f  t h e  d r i f t i n g  
p a t t e r n  does n o t  change too  much a s  i t  d r i f t s  from one s t a t i o n  t o  
another .  It is  convenient t o  t r e a t  t h e  ampli tude and phase p a t t e r n s  
s e p a r a t e l y .  
4.2 The Average Height of t h e  I r r e g u l a r i t y  Region a s  Deduced 
From Amplitude Measurements 
Over s h o r t  t i m e  i n t e r v a l s  t h e  motion of the 'ground p a t t e r n  
w i l l  be  e s s e n t i a l l y  t r a n s l a t i o n a l ,  and a  measurement of t h i s  
t r a n s l a t i o n a l  v e l o c i t y  can y i e l d  a  measure of t h e  average h e i g h t  
of t h e  i r r e g u l a r i t y  reg ion .  A s  shown i n  F igure  4.1,  a  t h i n  
GROUND 
STATION I 
F i g u r e  4 . 1 .  Geometry of moving p a t t e r n .  
GROUND 
STATION 2 
i r r e g u l a r i t y  l a y e r  a t  he igh t  z  produces a  p a t t e r n  on t h e  ground i 
which moves wi th  v e l o c i t y  V such t h a t  
g 
where z is  t h e  s a t e l l i t e  he ight  and Vs is  t h e  s a t e l l i t e  v e l o c i t y .  
s 
I f  t h e  s a t e l l i t e  t a n g e n t i a l  v e l o c i t y  i s  no t  h o r i z o n t a l ,  V 
-s 
must be replaced wi th  
v = v [COS ys t t a n  y s / s i n  ys I 1 
-s --t 
where V t  i s  t h e  magnitude of t h e  t a n g e n t i a l  s a t e l l i t e  v e l o c i t y  
and y is  the  angle  between the  t a n g e n t i a l  v e l o c i t y  and t h e  ho r i -  
S 
zon ta l .  For a  s a t e l l i t e  i n  a  near  po la r  o r b i t ,  t h e  p l u s  s i g n  i s  
employed f o r  northbound passes  when t h e  s a t e l l i t e  i s  south  of t h e  
observing s t a t i o n ,  and v i c e  versa .  It i s  a l s o  necessary t o  r e p l a c e  
z  by z s l ,  t he  average va lue  of z  during t h e  measurement per iod .  
S s 
I n  t h e s e  terms 
The methods which w i l l  p r e sen t ly  be descr ibed t o  o b t a i n  V 
g  
e s s e n t i a l l y  determine t h e  speed of t h e  p a t t e r n  on t h e  ground by 
measurement of t h e  t imes of maximum c r o s s c o r r e l a t i o n  of t h e  amplitude 
p a t t e r n s  observed a t  r ece iv ing  s t a t i o n s  spaced a  known d i s t a n c e  
a p a r t  on t h e  ground. I n  t h e  case  of an i r r e g u l a r i t y  l a y e r  of 
app rec i ab l e  t h i cknes s ,  t h e s e  methods w i l l  t h e r e f o r e  y i e l d  ground 
v e l o c i t i e s ,  and consequently h e i g h t s ,  which correspond t o  t h e  
cond i t i on  of maximum c ros s  c o r r e l a t i o n  between t h e  i n t e g r a t e d  
i r r e g u l a r i t y  d i s t r i b u t i o n s  throughout t h e  i r r e g u l a r i t y  l a y e r .  
Since t h e  i r r e g u l a r i t y  r eg ion  con t r ibu t ing  t o  t h e  ground 
p a t t e r n  i s  l i m i t e d  i n  t r a n s v e r s e  e x t e n t ,  maximum p a t t e r n  c ros s -  
c o r r e l a t i o n  w i l l  occur when t h e  c o n t r i b u t i n g  reg ions  s h a r e  t h e  
g r e a t e s t  common volume, and consequently f o r  i r r e g u l a r i t y  h e i g h t  
d i s t r i b u t i o n s  symmetrical about some common h e i g h t ,  t h e  c ross -  
c o r r e l a t i o n  methods w i l l  y i e l d  t h i s  average he igh t .  For nonsym- 
m e t r i c a l  he igh t  d i s t r i b u t i o n s ,  however, t h e  he igh t  of t h e  l a y e r  
found by c r o s s c o r r e l a t i o n  techniques w i l l  be skewed toward t h e  
reg ion  of h igher  i r r e g u l a r i t y  d e n s i t y .  Therefore ,  a change i n  
he igh t  a s  i n d i c a t e d  by equat ion 4 . 3  may simply be  i n d i c a t i v e  of 
a change i n  t h e  i r r e g u l a r i t y  he igh t  d i s t r i b u t i o n  and cannot a  
p r i o r i  be  i n t e r p r e t e d  a s  a  s h i f t  i n  t h e  he igh t  of t h e  whole l a y e r .  
The plane Ear th  h e i g h t s  ob ta ined  from equat ion  4 , 3  may be  
converted i n t o  h e i g h t s  above t h e  E a r t h ' s  s u r f a c e  where 
where h  i s  t h e  geocen t r i c  h e i g h t ,  z t h e  r a d i u s  of t h e  Ear th  i r 
and Y i s  t h e  a n g l e  a t  t h e  ~ a r t h ' s  c e n t e r  subtended by t h e  s a t e l l i t e  
c  
and t h e  p o i n t  of o b s e r v a t i o n ,  and where i t  h a s  been assumed t h a t  t h e  
E a r t h  is s p h e r i c a l .  
4.3  The Dete rmina t ion  of Amplitude P a t t e r n  Parameters  
by t h e  F u l l  C o r r e l a t i o n  Ana lys i s  Method 
B r i g g s ,  P h i l l i p s ,  and Shinn (1950) were  t h e  f i r s t  t o  deve lop  
a g e n e r a l  method f o r  t r e a t i n g  moving ampl i tude  d i f f r a c t i o n  p a t t e r n s .  
They assumed t h a t  t h e  ground ampl i tude  p a t t e r n  could  be  r e p r e s e n t e d  
by a  c o r r e l a t i o n  f u n c t i o n  whose e q u i c o r r e l a t i o n  con tours  formed a n  
e l l i p s o i d  of r e v o l u t i o n  i n  t h r e e  dimensions  x ,  y ,  and t ,  where x  
and y  r e p r e s e n t e d  t h e  ground p l a n e  c o o r d i n a t e s ,  and t r e p r e s e n t e d  
t i m e .  They a l s o  assumed t h a t  t h e  temporal  v a r i a t i o n s  had t h e  same 
f u n c t i o n a l  form as t h e  s p a t i a l  v a r i a t i o n s .  T h i s  would b e  expec ted ,  
f o r  example, i f  t h e  p a t t e r n  motion c o n s i s t e d  on ly  of a  s t e a d y  d r i f t .  
Br iggs ,  P h i l l i p s ,  and Shinn a l s o  a l lowed f o r  t h e  p r e s e n c e  of random 
motion i n  t h e  p a t t e r n  which t h e y  c h a r a c t e r i z e d  by a  v e l o c i t y  V 
c  
d e f i n e d  a s  t h e  s c a l e  s i z e  of t h e  p a t t e r n  on t h e  ground d i v i d e d  by 
t h e  l i f e t i m e  of f e a t u r e s  of such s i z e ,  For V non z e r o ,  t h e  
c  
assumption t h a t  t h e  temporal  and s p a t i a l  c h a r a c t e r i s t i c s  have t h e  
same form seems d o u b t f u l ,  b u t  exper iments  by Brennan (1960) and 
K e l l e h e r  (1966) showed t h a t  t h i s  c o n d i t i o n  i s  approximately  f u l f i l l e d  
f o r  p a t t e r n s  i n  which V i s  l e s s  t h a n  d r i f t  v e l o c i t y .  
c  
The B r i g g s ,  P h i l l i p s ,  and Shinn method i s  e s s e n t i a l l y  
g r a p h i c a l .  Kent and K o e s t e r  (1966) have developed a  comple te ly  
a n a l y t i c a l  technique based on t h e i r  method. They assumed t h a t  t h e  
equ ico r re l a t ion  contours  form an e l l i p s o i d  of r evo lu t ion  a s  be fo re ,  
and f u r t h e r  r e q u i r e  t h a t  t he  c o r r e l a t i o n  f a l l  o f f  a t  a  Gaussian 
r a t e  wi th  d i s t a n c e  i n  any d i r e c t i o n .  Again, t h e  Gaussian assumption 
i s  not  j u s t i f i e d  phys i ca l ly ,  bu t  t he  experiments of Awe (1964b), 
and our  own r e s u l t s  show t h a t  t h i s  i s  a  good approximation f o r  
values of c o r r e l a t i o n  h igher  than 0.5. With t h i s  assumption, t h e  
amplitude c o r r e l a t i o n  i n  terms of d i s t a n c e  on t h e  ground and time 
i s  given by 
pa(hx, Ay, t )  = exp { -1 /2 [~hx '  + 2Hhxhy + ~h~~  
I f  t h r e e  noncol inear  s t a t i o n s  a r e  e s t ab l i shed  on t h e  ground, 
then t h r e e  records  of t h e  v a r i a t i o n  of received amplitude wi th  t ime 
may be obtained.  From t h e s e  records ,  i t  is p o s s i b l e  t o  ob ta in  
t h r e e  c r o s s c o r r e l a t i o n  func t ions  and one average a u t o c o r r e l a t i o n  
func t ion .  These four  func t ions  a r e  s u f f i c i e n t  t o  determine t h e  
c o e f f i c i e n t s  of equat ion  4.5 and from t h e s e  c o e f f i c i e n t s  va lues  
f o r  t he  p a t t e r n  s i z e ,  o r i e n t a t i o n ,  d r i f t  v e l o c i t y ,  and random 
v e l o c i t y  may be  obta ined .  To t h i s  end a  va lue  of c o r r e l a t i o n  i s  
picked which is  s l i g h t l y  below t h e  lowest peak va lue  of t he  t h r e e  
c r o s s c o r r e l a t i o n  func t ions .  The two times a t  which t h e  cross-  
c o r r e l a t i o n  between ground s t a t i o n s  i and j reaches t h i s  va lue  w i l l  
be  denoted a s  tij and tij ' r e spec t ive ly .  The time t h a t  t h e  average 
a u t o c o r r e l a t i o n  reaches t h i s  va lue  w i l l  b e  denoted a s  t , and t h e  
0 
d i s t a n c e  between t h e  i t h  and j t h  ground s t a t i o n s  w i l l  be  denoted a s  
Define a  b i j ,  and [k l  a s  i j  ' 
s i n  0 cos 0 
1 2  a 2 
cos2 0 s i n  0 cos 0 
1 3  1 3  
sin' I 
cos2 0 s i n  0 cos 0 s i n 2  0 L 2 3  2 3 2 3 2 3 1 
where 0 is t h e  angle  between l o c a l  e a s t  and t h e  l i n e  jo in ing  t h e  
i j 
i t h  and j t h  s t a t i o n s .  Kent and Koester show t h a t  t h e  c o e f f i c i e n t s  of 
equat ion  4.5 a r e  then given by 
F =  (h s i n 8  - h  s i n 8  ) / s i n ( 8  - 8  ) (4.10) 
1 2  I 3  1 5  1 2  P 3 P 2 
G = ( h  c o s 8  - h  c o s 8  ) / s i n ( e  - 8 )  (4.11) 
1 2  1 3  1 3  L 2 i 3 12  
C = l / t  (4.12) 
0 
The axes of t h e  e l l i p s e  on t h e  ground a r e  given by 
The o r i e n t a t i o n  of t h e  major a x i s ,  Q , i s  given by 
a 
52 = 112 tan-' [2H/ (A-B)] 
a 
(4.15) 
The magnitude, V and d i r e c t i o n ,  , of t h e  d r i f t  v e l o c i t y  a r e  
g ' g 
given by 
- 5 = t a n  ' { (AG-HF)/ (BF-HG)~ 
g 
An approximate v a l u e  f o r  t h e  component of d r i f t  v e l o c i t y  i n  t h e  
(90 - fi ) d i r e c t i o n  i s  
a  
The va lue  of Vc a long t h e  d i r e c t i o n  i s  given by 
g  
Kent and Koester a l s o  showed t h a t  t h e  apparent  va lue  of t h e  
r a t i o  V / V  a s  measured i n  any d i r e c t i o n  o t h e r  than  t h a t  of p a t t e r n  
c  g 
d r i f t  i s  l a r g e r  than t h e  a c t u a l  va lue  of Vc/V a s  measured i n  t h e  
g  
d i r e e t f o n .  I n  p a r t i c u l a r ,  i f  V / V  i s  eva lua ted  along a  b a s e l i n e  
E: e  g  
d i r e c t i o n ,  
vc/vp apparent  = t o o / t i j "  ( 4 . 2 0 )  
where t " is t h e  t ime l a g  necessary  f o r  maximum c r o s s c o r r e l a t i o n  5-j 
between t h e  i t h  and j t h  s t a t i o n s ,  and t is  t h e  t ime necessary  
0 0 
f o r  t h e  average a u t o c o r r e l a t i o n  func t ion  t o  f a l l  t o  t h e  va lue  of 
t h e  c r o s s c o r r e l a t i o n  a t  i t s  maximum, 
4.4  The Re la t i on  between V and t h e  Thickness of t h e  
c  I r r e g u l a r i t y  Region 
I f  t h e  reg ion  conta in ing  t h e  i r r e g u l a r i t i e s  has  app rec i ab l e  
v e r t i c a l  e x t e n t ,  it can conceptua l ly  be subdivided i n t o  many t h i n  
regfons.  Each reg ion  w i l l  c r e a t e  a p a t t e r n  which d r i f t s  ac ros s  t h e  
ground a t  a  d i f f e r e n t  v e l o c i t y  i n  accordance wi th  equa t ion  4.1,  and 
s o  t h e  form of t h e  ground p a t t e r n  w i l l  g r adua l ly  change i n  form. 
By assuming t h a t  t h e  e f f e c t s  of t h e  i n d i v i d u a l  reg ions  can b e  
superimposed, and by assuming a  v e r t i c a l  i r r e g u l a r i t y  d i s t r i b u t i o n  
of a  Gaussian form, James (1962) has  shown t h a t  
where 2  k / 2 A  
t 
i s  t h e  s tandard  dev ia t i on  of t h e  l a y e r  he igh t  d i s t r i b u -  
t i o n .  McClure and Swenson (1964) have a l s o  shown t h a t  a  s i m i l a r  
r e l a t i o n  holds  f o r  a  l a y e r  w i th  a  uniform he igh t  d i s t r i b u t i o n  of 
t h i cknes s  27T "'. 
Due t o  t h e  assumption t h a t  supe rpos i t i on  of t h e  i n d i v i d u a l  
reg ions  is v a l i d ,  such an a n a l y s i s  cannot be  used f o r  t h e  ampli tude 
p a t t e r n  when t h e  mean square  ionospher ic  phase d e v i a t i o n  i s  l a r g e .  
However, a s  long a s  t h e  ray  o p t i c a l  approximation is v a l i d ,  t h e  
James r e s u l t  i s  e n t i r e l y  a p p l i c a b l e  f o r  a r b i t r a r y  phase d e v i a t i o n s  
t o  measurements of t he  phase p a t t e r n .  Unfortunately,  no measure 
of Vc is  d i r e c t l y  obtained from phase d i f f e r e n c e  measurements. I f  
i t  i s  assumed t h a t  p a t t e r n  l i f e t i m e  i s  p ropor t i ona l  t o  p a t t e r n  
s c a l e  s i z e ,  then t h e  va lue  of V obtained from a  phase a n a l y s i s  
C 
should ag ree  wi th  t h a t  ob ta ined  from t h e  corresponding ampli tude 
a n a l y s i s  i f  i t  is  assumed t h a t  t h e  same i r r e g u l a r i t g e s  a r e  respon- 
s i b l e  f o r  bo th  p a t t e r n s .  
Although t h i s  p ropor t i ona l i cy  cannot be  demonstrated 
r i go rous ly ,  i t  is phys i ca l l y  reasonable  s i n c e  any reduc t ion  i n  
t h e  apparent  s c a l e  s i z e  of t h e  d i f f r a c t i o n  p a t t e r n  due t o  m u l t i p l e  
s c a t t e r i n g  w i l l  produce a  p a t t e r n  which i s  very  s e n s i t i v e  t o  s a t e l l i t e  
p o s i t i o n .  S i m i l a r l y ,  any r educ t ion  i n  t h e  p a t t e r n  s i z e  due t o  t h e  
s p a t i a l  f i l t e r i n g  e f f e c t  of t h e  d i f f r a c t i o n  process  w i l l  r e s u l t  i n  
a  pa t ee rn  which is predominately caused by sma l l e r  i r r e g u l a r i t i e s  
and t h e s e  i r r e g u l a r i t i e s  w i l l  be p a r t  of t h e  common s c a t t e r i n g  
geometry over  a  smal le r  range of s a t e l l i t e  p o s i t i o n s  than l a r g e r  
i r r e g u l a r i t i e s ,  and s o  t h e  r e s u l t i n g  p a t t e r n  w i l l  have a  correspond- 
i ng ly  s h o r t e r  l i f e t i m e .  It should be  noted h e r e  t h a t  Fooks (1965) 
has  a l s o  found it  necessary  t o  postulate t h a t  f o r  a  s t a t i s t i c a l l y  
s t a t i o n a r y  p a t t e r n  both t h e  p a t t e r n  s i z e  and l i f e t i m e  would be  
a l t e r e d  by t h e  same f a c t o r  i n  t h e  d i f f r a c t i o n  process  i n  h i s  d i s -  
cuss ion  of t h e  phys i ca l  i n t e r p r e t a t i o n  of V . 
e 
I n  t h i s  work, i t  w i l l  t h e r e f o r e  be assumed t h a t  equa t ion  
4 .21  ho lds  a t  l e a s t  approximately f o r  l a r g e  a s  w e l l  a s  smal l  
va lues  of Q . I f  t h i s  i s  n o t  t r u e ,  t h e  va lues  of l a y e r  th ickness  
0 
s o  der ived  w i l l  s t i l l  be  of va lue  f o r  comparison t o  va lues  s i m i l a r l y  
ob ta ined  by o t h e r s  without  cons ide ra t i on  of t h e  va lue  of phase 
d e v i a t i o n  a c t u a l l y  p r e s e n t .  
4 ,5  The Phase P a t t e r n  on t h e  Ground 
Since t h e  exac t  phase of t h e  s i g n a l  t r ansmi t t ed  from t h e  
s a t e l l i t e  i s  unknown, i t  is  d i f f i c u l t  t o  o b t a i n  d i r e c t  measurements 
of t h e  phase p a t t e r n  on t h e  ground. However, i t  is  p o s s i b l e  t o  
measure d i f f e r e n c e s  of phase.  The covariance of t h e  phase d i f f e r e n c e  
between a  s t a t i o n  l oca t ed  a t  x ,  y ,  and a  s t a t i o n  a t  coord ina tes  
+ dxy + dY is 
[$(x + dx + Ax, y  + d + Ay) - @ ( x  + Ax, y  + Ay) 1. Y 
(4.22) 
Expanding t h e  product ,  and r ep l ac ing  t h e  covar iances  of phase wi th  t h e  
product of mean square  phase d e v i a t i o n  times c o r r e l a t i o n  y i e l d s  f o r  
t h e  mean square  va lue  of phase d i f f e r e n c e  0 2 ,  and f o r  t h e  v a l u e  of d  
phase d i f f e r e n c e  c o r r e l a t i o n  p (Ax, Ay) 
+d 
The r e l a t i o n  between t h e s e  q u a n t i t i e s  and those  a c t u a l l y  
observed f o r  a  moving p a t t e r n  is  complicated by the  two dimen- 
s i o n a l  n a t u r e  of t h e  exppressions.  Since measurements show t h a t  
t h e  ground p a t t e r n  is  e s s e n t i a l l y  one dimensional,  more e x p l i c i t  
expressions f o r  t h e  case  of a  moving p a t t e r n  w i l l  b e  d e f e r r e d  t o  
t h e  s e c t i o n  on t h e  one dimensional phase p a t t e r n  c h a r a c t e r i s t i c s .  
4.6 The One Dimensional Amplitude P a t t e r n  
I f  t h e  a c t u a l  p a t t e r n  e longat ion  i s  g r e a t ,  t h e  c a l c u l a t i o n s  
may be s i m p l i f i e d  by considering a  one dimensional model. I f  t h e  
s t a t i o n  spacing i s  c l o s e  enough s o  t h a t  t h e  p a t t e r n  does not  change 
apprec iab ly  i n  moving from one s t a t i o n  t o  another ,  then r a n d ~ m  
changes can be  ignored and t h e  motion can be  considered t o  b e  purely 
t r a n s l a t i o n a l .  The p a t t e r n s  a t  t h e  two s t a t i o n s  a r e  then s i m i l a r  
and t h e  times of maximum p a t t e r n  c r o s s c o r r e l a t i o n  can be determined 
by eye, It can be shown t h a t  t h e  locus of such po in t s  of maximum 
c r o s s c o r r e l a t i o n  form a s t r a i g h t  l i n e  known a s  t h e  l i n e  of maximums. 
This  l i n e  has been discussed more f u l l y  by Sa les  (1956), and i s  
determined by t h e  po in t s  of tangency between p r o j e c t i o n s  of t h e  
s t a t i o n  p o s i t i o n s  i n  t he  d i r e c t i o n  of p a t t e r n  d r i f t ,  and the  family 
of e l l i p s e s  of cons tan t  c o r r e l a t i o n  a s  shown i n  Figure , .2 ,  FOP 
h ighly  e l l i p t i c a l  contours ,  t h e  l i n e  of maximums w i l l  l i e  very 
c l o s e  t o  t h e  major a x i s  of t he  p a t t e r n  unless  t h e  d i r e c t i o n  of 
d r i f t  v e l o c i t y  i s  nea r ly  p a r a l l e l  t o  t h e  major a x i s .  
LOCUS OF MAXIMUM 
CORRELATION BETWEEN 
STATIONS 
MAJOR AXIS 
OF ELLIPSE 
STATION 3 
\ 
STATION 2 I I STATION I 
Figure 4.2. Geometry of line maximums. 
I n  g e n e r a l ,  t h r e e  s t a t i o n s  are n e c e s s a r y  t o  de te rmine  t h e  
magnitude of t h e  p a t t e r n  d r i f t  v e l o c i t y  and t h e  o r i e n t a t i o n  of t h e  
l i n e  of maximums. The method employed is  e s s e n t i a l l y  t h e  s o  c a l l e d  
method of similar f a d e s  of Mitra (1949),  a s  developed by DeBarber 
(1962).  
D e f i n e  t h e  f o l l o w i n g  q u a n t i t i e s  w i t h  r e s p e c t  t o  a n  x ,  y  
f rame t a n g e n t  t o  t h e  ~ a r t h ' s  s u r f a c e  a t  r e c e i v i n g  l o c a t i o n  one:  
where 5 and y are u n i t  s e c t o r s  and d  V V , and 2 a r e  v e c t o r s  i j '  --gy s 
r e p r e s e n t i n g  t h e  d i s t a n c e  on t h e  ground between s t a t i o n s  i and j, 
t h e  p a t t e r n  ground v e l o c i t y ,  t h e  s a t e l l i t e  h o r i z o n t a l  v e l o c i t y ,  
and t h e  l i n e  of maximums r e s p e c t i v e l y ,  Def ine  t h e  t ime  of maximum 
c r o s s c o r r e l a t i o n  i n  ampl i tude  between t h e  p a t t e r n s  a t  s t a t i o n  i 
and j a s  t " a s  i n  e q u a t i o n  4.20. Def ine  t h e  o r i e n t a t i o n s  o f  2 i j 
and V w i t h  r e s p e c t  t o  t h e  x  a x i s  a s  L-2 and 5 . Then 
3 a  g  
5 = a r c t a n  (v / V  ) = a r c t a n  (V /vSx) 
g gY gx s Y 
DeBarber then shows t h a t  
(4.31) 
I f  t h e  t imes of maximum c r o s s c o r r e l a t i o n  a r e  determined between 
s t a t i o n s  one and two and one and t h r e e ,  t h e  r e s u l t i n g  two equat ions 
can be  solved f o r  V and Ra  i n  terms of 5 which is  known from 
g g 
s a t e l l i t e  o r b i t a l  d a t a  y i e l d i n g  
cotan R s i n  5 ) . 
a g 
Equa t ions  4 .3  and 4.4 can t h e n  b e  used t o  f i n d  t h e  i r r e g u l a r i t y  
h e i g h t ,  s i n c e  t h e  s a t e l l i t e  h e i g h t  and speed a r e  lcnown from 
o r b i t a l  d a t a .  
I f  t h e  a u t o c o r r e l a t i o n  of ampl i tude  a t  a s i n g l e  r e c e i v i n g  
s t a t i o n  is  computed v e r s u s  t ime ,  t h e  e q u i v a l e n t  a u t o c o r r e l a t i o n  
v e r s u s  d i s t a n c e  may b e  o b t a i n e d  by m u l t i p l y i n g  t h e  t ime  s c a l e  
by Vg. Denoting t h e  c o r r e l a t i o n  s c a l e  of t h i s  a u t o c o r r e l g r a m  
a s  L s imple  geometry shows t h a t  t h e  cor responding  s c a l e  s i z e ,  
c a  ' 
of t h e  mfnor a x i s  of t h e  two dimensional  e l l i p s e  on t h e  
ground i s  
where $ i s  i ts  e l l i p t i c i t y o  A s  T, approaches  i n f i n i t y ,  t h e  
approximate  one d imens iona l  r e l a t i o n  becomes 
L = L  I s i n  ( 5 - R a , j I  
cag c a  g  
4.7 The One Dimensional Phase P a t t e r n  
I n  t h e  c a s e  of a  one dimensional  phase  p a t t e r n ,  i t  is  con- 
v e n i e n t  t o  o r i e n t  t h e  y a x i s  a long  t h e  1-2 s t a t i o n  b a s e l i n e .  Then 
f o r  a Gaussian form of phase  a u t o c o r r e l a t i o n ,  t h e  phase  d i f f e r e n c e  
mean s q u a r e  v a l u e  and a u t o c o r r e l a t i o n  become, from e q u a t i o n s  
4.23  and 4.24 
where L 
cp12 is t h e  s c a l e  s i z e  of p ( y )  a s  s e e n  on t h e  ground. I f  4 
t h e  random motions  i n  t h e  p a t t e r n  can b e  ignored  9 P4 @ X) can  b e  
o b t a i n e d  from measurements of t h e  phase d i f f e r e n c e  between t h e  two 
s t a t i o n s  t a k e n  as a f u n c t i o n  of t ime by m u l t i p l y i n g  t h e  t i m e  s c a l e  
by t h e  p a t t e r n  v e l o c i t y  i n  t h e  b a s e l i n e  d i r e c t i o n  which w a s  deduced 
from t h e  ampl i tude  measurements. Th i s  i m p l i e s  t h a t  t h e  i r r e g -  
u l a r i t i e s  c a u s i n g  b o t h  t h e  ampl i tude  and phase  f l u c t u a t i o n s  are a t  
approximately  t h e  same h e i g h t .  
Once p (Ay) h a s  been de te rmined ,  numer ica l  t e c h n i q u e s  can 
+d 
b e  employed t o  i n v e r t  e q u a t i o n  4.37 and de te rmine  t h a t  v a l u e  of 
LCp 1 2  which b e s t  f i t s  t h e  observed d a t a .  The a c t u a l  s c a l e  s i z e  
of t h e  phase  p a t t e r n  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h a t  of 
e l o n g a t i o n ,  L i s  g iven  by an e x p r e s s i o n  analogous t o  e q u a t i o n  
C P ~ '  
4 .36 :  
L = L  ( cos  S2 I 
CPg CP r 2 P  
where il is t h e  angle  between t h e  x  a x i s  and t h e  d i r e c t i o n  of 
P  
e longa t ion  of t h e  phase p a t t e r n .  
An examination of equa t ion  4 , 2 2  w i l l  show t h a t  i f  L i s  
Pa2 
l a r g e  compared t o  d  , t h e  magnitude of 6 i s  very  sma l l ,  Thus, 
a 2 d  
a  phase d i f f e r e n c e  measuring system a c t s  a s  a  s p a t i a l  f i l t e r  i n  
t h a t  i t  cannot d e t e c t  very  l a r g e  i r r e g u l a r i t i e s .  For a  minimum 
system r e s o l u t i o n  of 3 degrees ,  r . m . s , ,  t h e  maximum s c a l e  s i z e  
which would be  observed on a  2.5 ki lometer  b a s e l i n e  would be ,  f o r  
a  Gaussian a u t o c o r r e l a t i o n ,  25 ki lometers  i f  t h e  a s soc i a t ed  v a l u e  
of O o  w a s  one rad ian .  Thus, t h i s  l i m i t a t i o n  does n o t  s e e m  too 
seve re  w i th  a  s u f f i c i e n t l y  long b a s e l i n e ,  and good system r e s o l u t i o n ,  
An examination of equa t ion  4.37 shows t h a t  a l though p  (by) @ d  
does n o t  decrease  t o  zero  a s  f a s t  a s  p  (Ay) f o r  smal l  Ay 4 
p4(Ay) may be  expanded t o  second o rde r  i n  Ayd and 
I 2/LcP. 2 
d  / L  2 t o  y i e l d  
2 . 2  cp-2 
Thus, f o r  smal l  t i m e  l a g s ,  t h e  a u t o c o r r e l a t i o n  of phase d i f f e r e n c e  
f a l l s  o f f  f a s t e r  than t h e  a u t o c o r r e l a ~ i o n  of phase i t s e l f ,  Therefore ,  
t h e  l a c k  of h igh  frequency components i n  ehe phase d i f f e r e n c e  
p a t t e r n s  impl ies  t h a t  L is  ve ry  l a r g e .  CPL2 
The v a l u e  of 51 may b e  determined i f  measurements of $ 
P d 
a r e  performed u s i n g  a t h i r d  s t a t i o n .  I f  t h e  phase  s t a t i s t i c s  a r e  
s t a t i o n a r y ,  e q u a t i o n  4 .23 may b e  a p p l i e d  t o  each s t a t i o n  y i e l d i n g  
$ 2 =  2 
o 1 2  { 2 [ 1  - exp (-d 1 2  2 / 2 ~  CP a 2 2 ) ]  = 
+. 1 3  2 / { 2 [ 1  - exp (-d 1 3  2 / 2 ~  2 ) 1 )  CP13 (4.40) 
where $ and $ are t h e  v a l u e s  of $ o b t a i n e d  a l o n g  t h e  1-2 and 
3 2 1 3  d 
1-3 b a s e l i n e s .  I n t h e  exper iment  a c t u a l l y  conducted i n  t h i s  r e s e a r c h ,  
t h e  1-2 and 1-3 b a s e l i n e s  a r e  p e r p e n d i c u l a r  t o  w i t h i n  a few d e g r e e s ,  
s o  t h a t  f o r  a one dimensional  p a t t e r n  
t a n  R - L /L 
P cp'a2 cP13 
(4.41) 
E l i m i n a t i n g  L between e q u a t i o n s  4.40 and 4.41 and s o l v i n g  f o r  CP 1 3  
R y i e l d s  
P 
2 R = a r c t a n  {- [ log,  1 - * / $  1 - exp(-d 2 /  
P 1 3  1 2  9 2 
S i m i l a r i t y  between t h i s  v a l u e  of i-2 and t h e  v a l u e  of Ra o b t a i n e d  
P ' 
from t h e  ampl i tude  a n a l y s i s  n o t  on ly  s u p p o r t s  t h e  view t h a t  t h e  
ampl i tude  and phase  p a t t e r n s  a r e  s i m i l a r l y  caused by f i e l d  a l i g n e d  
i r r e g u l a r i t i e s ,  b u t  a l s o  p r o v i d e s  a check on t h e  s t a t i o n a r i t y  of 
t h e  phase  s t a t i s t i c s  and on t h e  g e n e r a l  s e l f  c o n s i s t e n c y  o f  t h e  
whole a n a l y s i s .  
4 .8  The Measurement of Phase  Parameters  by Means of D i f f e r e n t i a l  
Doppler Measurements 
I f  two harmonica l ly  r e l a t e d  f r e q u e n c i e s  a r e  t r a n s m i t t e d  by 
t h e  s a t e l l i t e ,  t h e  d i s p e r s i v e  n a t u r e  of t h e  i o n o s p h e r i c  r e f r a c t i v e  
i n d e x  w i l l  cause  each f requency  t o  t r a v e r s e  a p a t h  o f  s l i g h t l y  
d i f f e r e n t  e l e c t r i c a l  wavelength  s o  t h a t  a  measurement o f  t h e  
d i f f e r e n c e  i n  phase  between t h e  two s i g n a l s  r e c e i v e d  on t h e  ground 
c a n  y f e l d  i n f o r m a t i o n  on t h e  p r o p e r t i e s  of t h e  i o n o s p h e r i c  medium 
t r a v e r s e d  by t h e  s i g n a l s ,  I n  t h e  r a y  o p t i c a l  s e n s e ,  t h e  d i f f e r e n c e  
i n  p a t h  l e n g t h  expressed  i n  r a d i a n s  between a  s i g n a l  t r a n s m i t t e d  
a t  f requency f  and t h a t  of f requency  f  is g iven  by 
1 2 
where L  and L 2  a r e  t h e  end p o i n t s  of p a t h s  P and P 2 ,  and where 
1 P 
p(f  and V(f ) a r e  t h e  r e f r a c t i v e  indexes  a t  f r e q u e n c i e s  f  and 
2 I 
f  . I f  f  is one h a l f  f  , and t h e  f requency of f  is  e l e c t r o n i c a l l y  
2 2 I 2 
doubled upon r e c e p t i o n ,  t h e n  X i n  e q u a t i o n  4.33  may be  r e p l a c e d  
2 
w i t h  X . The h i g h  f requency approximat ion f o r  t h e  r e f r a c t i v e  i n d e x  
P 
w i l l  b e  deemed s u f f i c i e n t l y  a c c u r a t e  f o r  t h e  c a s e  of i n t e r e s t  o r  
where f  i s  t h e  medium plasma f requency ,  f t h e  r . f .  f requency 
n  
expressed  i n  Hz, and N t h e  medium e l e c t r o n  d e n s i t y  i n  e l e c t r o n s  
p e r  c u b i c  mete r .  
I f  b o t h  p a t h s  p  and p  are t a k e n  as c o i n c i d e n t  s t r a i g h t  
I 2 
l i n e s  through t h e  medium, AP becomes 
The phase  s h i f t  i n c u r r e d  by t h e  s i g n a l  a t  f  due t o  t h e  
I 
ionosphere  i s  
If f l  is  40 MHz, i t  is s e e n  t h a t  phase  s h i f t s  a s  observed on t h e  
spaced r e c e i v e r  a p p a r a t u s  w i l l  have one t h i r d  t h e  magnitude of 
t h e  d i f f e r e n t i a l  phase  s h i f t s  observed between t h e  20 MHz and 40 MHz 
s i g n a l s .  Measurements of t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of P on t h e  
ground may t h e n  b e  d i v i d e d  by a  f a c t o r  of t h r e e  and compared t o  t h e  
r e s u l t  o f  t h e  spaced r e c e i v e r  s t u d i e s .  
I n  p r a c t i c e ,  however, ~ ( p  ) i s  l i k e l y  t o  c o n s i s t  of a n  ambient 
1 
c o n t r i b u t i o n  which v a r i e s  s lowly  w i t h  d i s t a n c e ,  as w e l l  as c o n t r i -  
b u t i o n s  w i t h  r e l a t i v e l y  s m a l l  s p a t i a l  p e r i o d s  cor responding  t o  t h e  
i r r e g u l a r i t i e s  whose p r o p e r t i e s  a r e  d e s i r e d .  I n  t h e  spaced r e c e i v e r  
method, t h e  f i n i t e  b a s e l i n e ,  and t h e  e l a b o r a t e  d i s c r i m i n a t o r  
c i r c u i t r y  used ,  s u p p r e s s e s  t h e  e f f e c t s  of s t r u c t u r e s  w i t h  l a r g e  
s p a t i a l  s c a l e s .  I n  t h e  d i f f e r e n t i a l  Doppler c a s e ,  t h i s  s u p p r e s s i o n  
w i l l  have t o  b e  done n u m e r i c a l l y ,  and f o r  a d i s t u r b e d  i o n o s p h e r e ,  
t h e  s e p a r a t i o n  of t h e  e f f e c t s  o f  t i l ts  and o t h e r  l a r g e  s c a l e  d i s -  
t u r b a n c e s  f rom t h e  e f f e c t s  of s m a l l e r  f i e l d  a l i g n e d  s t r u c t u r e s  may 
b e  d i f f i c u l t .  For  t h i s  r e a s o n ,  t h e  r e s u l t s  of t h e  Doppler a n a l y s i s  
would n o t  b e  expec ted  t o  a g r e e  t o o  w e l l  w i t h  t h e  r e s u l t s  of t h e  
spaced s t a t i o n  s t u d y ,  and shou ld  be  regarded  s imply as a  check on 
t h e  p r o p e r  o r d e r  of magnitude of t h e  spaced r e c e i v e r  r e s u l t s ,  
V .  INSTRUMENTATION 
5.1  I n t r o d u c t i o n  
I n  o r d e r  t o  o b t a i n  d a t a  which can b e  analyzed t o  y i e l d  t h e  
i r r e g u l a r i t y  p a r a m e t e r s ,  a s a t e l l i t e ,  and t h e  p roper  r e c o r d i n g  and 
playback equipment a r e  necessa ry .  Because t h e  pr imary i n t e r e s t  i n  
t h i s  s t u d y  was d i r e c t e d  toward t h e  spaced r e c e i v e r  r e s u l t s ,  t h e  
p e r t i n e n t  c i r c u i t r y  w i l l  b e  d i s c u s s e d  i n  some d e t a i l .  The c i r c u i t r y  
n e c e s s a r y  f o r  t h e  Doppler s t u d i e s  w i l l  b e  reviewed s e p a r a t e l y .  
5 . 2  The S a t e l l i t e  
The exper iment  employed s i g n a l s  from t h e  S-66 Beacon S a t e l l i t e  
launched by t h e  N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n  
October  10 ,  1964. T y p i c a l  o r b i t a l  pa ramete rs  a r e  g iven  below: 
i n c l i n a t i o n  of o r b i t a l  p l a n e  t o  e q u a t o r i a l  p l a n e  79.69" 
apogee 1079 km 
p e r i g e e  878 km 
o r b i t a l  p e r i o d  104.7 minu tes  
The s a t e l l i t e  r a d i a t e d  c.w. s i g n a l s  on f r e q u e n c i e s  of 20.005, 
40.01, and 41.01025 megahertz w i t h  a nominal r a d i a t e d  power of 
250 m i l l i w a t t s  a t  each f requency.  A l l  s i g n a l s  were d e r i v e d  from a 
common u l t r a s t a b l e  c r y s t a l  o s c i l l a t o r .  The s a t e l l i t e  o r i e n t a t i o n  
was m a g n e t i c a l l y  s t a b i l i z e d  s o  t h a t  t h e  t r a n s m i t t i n g  an tenna  o r i e n -  
t a t i o n  was e s s e n t i a l l y  c o n s t a n t .  The 40 MHz s i g n a l  was employed 
i n  t h e  spaced r e c e i v e r  s tudy ,  and i n  add i t i on  t h e  20 MHz s i g n a l  was 
used f o r  t h e  d i f f e r e n t i a l  Doppler measurement. 
5 .3  The Spaced S t a t i o n  Locat ions 
Three r ece iv ing  l o c a t i o n s  were e s t a b l i s h e d  a s  shown i n  
F igure  5.1.  The l o c a t i o n s  w e r e  determined p r imar i l y  by t h e  a v a i l a -  
b i l i t y  of power and phone l i n e s ,  and t h e  d e s i r e  t o  e s t a b l i s h  a  
b a s e l i n e  roughly p a r a l l e l  t o  t h e  s a t e l l i t e  t r a c k  on t h e  ground. 
Also prev ious  measurements by DeBarber (1962) had shown t h a t  t h e  
s c a l e  s i z e  of t h e  ampli tude p a t t e r n  on t h e  ground was on t h e  o rde r  
of a  k i lometer  i n  t h e  d i r e c t i o n  perpendicu la r  t o  t h a t  of p a t t e r n  
e longa t ion ,  and s o  a  spacing of 2.5 k i lometers  seemed reasonable .  
5.4 The Receiving Antennas 
Hor izonta l  t u r n s t i l e s  t o  r e c e i v e  t h e  40 MHz s i g n a l s  were 
employed a t  each s i t e .  The antennas were cons t ruc ted  of 300 ohm 
r ibbon  supported by nylon ropes t o  a  wooden framework. The h e i g h t  
of t h e  antennas was chosen t o  be  about  one t h i r d  wavelength above 
t h e  ground t o  provide a  broad v e r t i c a l  antenna p a t t e r n .  A s  shown 
i n  F igure  5 .2 ,  smal l  c a p a c i t o r s  were i n s e r t e d  i n t o  t h e  ends of t h e  
antenna a s  suggested i n  an e a r l y  e d i t i o n  of t h e  A.R.R.L. Antenna 
Book (1949) t o  provide an improved match t o  t h e  t ransmiss ion  l i n e  
and t o  compensate f o r  t h e  d i f f e r e n t  e l e c t r i c a l  l eng ths  of t h e  
300 ohm r ibbon  i n  t h e  r a d i a t i n g  and t ransmiss ion  l i n e  modes e x i s t i n g  
i n  a  fo lded  d ipo le .  
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Figure 5.1. Receiving station geometry. 
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Figure 5.2. Receiving antenna phasing. 
It was found n e c e s s a r y  t o  c a r e f u l l y  ground t h e  c o a x i a l  s h i e l d  
of t h e  f e e d  l i n e  by runn ing  a heavy copper b r a i d  down from t h e  
c e n t e r  of t h e  an tenna  t o  a ground s t a k e  d r i v e n  a t  l e a s t  t h r e e  f e e t  
i n t o  t h e  ground. F a i l u r e  t o  do s o  r e s u l t e d  i n  a d e t e r i o r a t i o n  of 
t h e  c i r c u l a r  p o l a r i z a t i o n  of t h e  an tennas .  The an tenna  a t  s t a t i o n  
number one  was f e d  from 75 ohm c o a x i a l  c a b l e  through a q u a r t e r  wave 
matching t r a n s f o r m e r  of 52 ohm c a b l e  as shown i n  F i g u r e  5 .2 .  A t  
s t a t i o n s  two and t h r e e ,  t h e  feed  c a b l e  c o n s i s t e d  of 52 ohm coax s o  
t h a t  a s l i g h t  mismatch e x i s t e d .  No a p p r e c i a b l e  d i f f e r e n c e  i n  r e s u l t s  
due t o  t h e  two methods of f e e d  was observed i n  t h e  s t u d y .  
5 .5  The Spaced S t a t i o n  Receiving Apparatus 
The r e c e i v e r  a t  each  s t a t i o n  c o n s i s t e d  of a Tapetone c o n v e r t e r  
model TC-40 i n  con-junction w i t h  a S p e c i f i c  Produc t s  WWV r e c e i v e r  
model SR-7. The c o n v e r t e r  conver ted  t h e  40 MHz s a t e l l i t e  s i g n a l  t o  
a f requency of approximately  1 4  MHz. The WWV r e c e i v e r  was re tuned  
s o  as t o  r e c e i v e  t h i s  f requency.  The r e c e i v e r  was a l s o  modif ied i n  
t h a t  t h e  AGC loop  had been r e p l a c e d  w i t h  a s o u r c e  of f i x e d  b i a s ,  
and t h e  aud io  o u t p u t  t r a n s f o r m e r  had been r e p l a c e d  w i t h  a p a r a l l e l  
tuned c i r c u i t  r e s o n a t i n g  a t  500 Hz w i t h  a bandwidth of approximately  
100 Hz. The r e s u l t i n g  sys tem had a n  r e f .  s e n s i t i v i t y  of b e t t e r  t h a n  
one m i c r o v o l t ,  and a p r e d e t e c t i o n  bandwidth of approximately  2.5 kHz 
which was s u f f i c i e n t  t o  accomodate t h e  f r e e  s p a c e  Doppler s h i f t  on 
t h e  r e c e i v e d  s i g n a l  due t o  t h e  motion of t h e  s a t e l l i t e .  
The a u d i o  o u t p u t  of t h e  r e c e i v e r  w a s  f e d  i n t o  a f requency  
d i s c r i m i n a t o r  which produced a n  o u t p u t  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  
between t h e  i n p u t  f requency and 500 Hz. T h i s  v o l t a g e  was f i l t e r e d  
and f e d  i n t o  a commercial v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  manufactured 
by t h e  H i l l  Manufacturing Company whose nominal c e n t e r  f requency  
was 1.000260 MIIz. The o u t p u t  of t h e  o s c i l l a t o r  was m u l t i p l i e d  i n  
f requency  40 t i m e s  and i n j e c t e d  i n t o  t h e  an tenna  t e r m i n a l  of t h e  
c o n v e r t e r .  The r e s u l t i n g  he te rodyne  i n  t h e  r e c e i v e r  second d e t e c t o r  
between t h e  i n j e c t e d  VCO s i g n a l  and t h e  s a t e l l i t e  s i g n a l  produced 
t h e  r e c e i v e r  aud io  o u t p u t .  The r e s u l t i n g  sys tem formed an  auto-  
m a t i c  f requency  c o n t r o l  which h e l d  t h e  r e c e i v e r  aud io  o u t p u t  c l o s e  
t o  500 Hz. The t i m e  c o n s t a n t  of t h e  f i l t e r  p receed ing  t h e  VCO was 
approx imate ly  100 seconds ,  and s o  t h e  f requency v a r i a t i o n s  of t h e  
r e c e i v e d  s i g n a l  due t o  Doppler s h i f t  caused by t h e  h i g h  s a t e l l i t e  
v e l o c i t y  were removed, and t h e  f a s t e r  f requency d e v i a t i o n s  due t o  
t h e  inhomogene i t i e s  were n o t  e f f e c t e d .  The ampl i tude  of t h e  i n j e c t e d  
VCO s i g n a l  was h i g h  enough t o  e n s u r e  l i n e a r  mixing s o  t h a t  t h e  
a m p l i t u d e  as w e l l  a s  t h e  phase  of t h e  s i g n a l  r e c e i v e d  from t h e  
s a t e l l i t e  were  p rese rved .  A b l o c k  diagram of t h e  r e c e i v i n g  system 
is  shown i n  F i g u r e  5.3. S i n c e  t h e  e s s e n t i a l s  of t h e  r e c e i v e r  and 
VCO c i r c u i t r y  have appeared i n  DeBarber 's  r e p o r t  (1962) ,  t h e y  w i l l  
n o t  b e  r e p e a t e d  h e r e .  
A s i g n a l  d e r i v e d  from t h e  f requency m u l t i p l i e r  fo l lowing  
t h e  VCO was r a d i a t e d  w i t h  s u f f i c i e n t  i n t e n s i t y  t o  he te rodyne  w i t h  
t h e  s a t e l l i t e  s i g n a l s  r e c e i v e d  a t  t h e  o t h e r  two s i t e s  and p r o v i d e  
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Figure 5.3. :.'.,eceivin sys tem block diagram. 
l i n e a r  d e t e c t i o n .  Three  a u d i o  t o n e s  were the reby  o b t a i n e d  whose 
ampl i tudes  were p r o p o r t i o n a l  t o  t h e  r e c e i v e d  s a t e l l i t e  s i g n a l  
a m p l i t u d e s ,  and whose phases  were e q u a l  t o  t h e  d i f f e r e n c e s  i n  
phase  between t h e  s a t e l l i t e  s i g n a l s  and t h e  r e f e r e n c e  s i g n a l  from 
t h e  VCO. S i n c e  t h e s e  t o n e s  had f r e q u e n c i e s  n e a r  500 Hz they  were  
s e n t  o v e r  o r d i n a r y  l e a s e d  t e l e p h o n e  l i n e s  t o  a  c e n t r a l  l o c a t i o n  
f o r  f u r t h e r  p r o c e s s i n g  and r e c o r d i n g .  
5 .6  Spaced S t a t i o n  Recording Apparatus 
On a r r i v a l  a t  t h e  main p r o c e s s i n g  p o i n t ,  t h e  s i g n a l s  were  
f u r t h e r  f i l t e r e d  through 500 Hz f i l t e r s  w i t h  100 Hz bandwidths t o  
remove any n o i s e  g e n e r a t e d  i n  t h e  t e l e p h o n e  l i n e s .  They were t h e n  
p rocessed  t o  o b t a i n  ampl i tude  and phase  i n f o r m a t i o n ,  and t h e  
r e s u l t i n g  s i g n a l s  were t h e n  recorded  on a  c o n v e n t i o n a l  seven t r a c k  
magnet ic  t a p e  r e c o r d e r ,  t h e  Ampex model FR 1100. To minimize t h e  
e f f e c t s  of s i g n a l  d ropout  due t o  minute  i m p e r f e c t i o n s  i n  t h e  magnet ic  
t a p e  s u r f a c e ,  some form of  f requency modulated r e c o r d i n g  was 
d e s i r a b l e ,  To minimize phase  e r r o r s  due t o  s i d e w i s e  t a p e  s l i p p a g e ,  
i t  was d e s i r a b l e  t o  r e c o r d  t h e  two s i g n a l s  be ing  phase  compared on 
t h e  same t a p e  t r a c k .  
To o b t a i n  t h e  ampl i tude  i n f o r m a t i o n ,  t h e  incoming s i g n a l s  
were  d e t e c t e d  i n  c o n v e n t i o n a l  d iode  d e t e c t o r s .  The r e s u l t i n g  
s lowly  v a r y i n g  o u t p u t s  were f e d  i n t o  a  commercial F.M. r e c o r d i n g  
a d a p t e r ,  t h e  A.R. V e t t e r  Company Model 3 .  This  u n i t ,  a b l o c k  
diagram of which i s  shown i n  F i g u r e  5 .4 ,  c o n s i s t s  of t h r e e  v o l t a g e  
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c o n t r o l l e d  o s c i l l a t o r s  wi th  d i f f e r e n t  c e n t e r  f requencies  and t h e  
necessary f i l t e r i n g  and summing e l e c t r o n i c s  t o  frequency modulate 
t h r e e  slowly vary ing  s i g n a l s  w i th in  an 8000 H z  bandwidth and 
thereby permit t h e i r  record ing  on a s i n g l e  t ape  t r ack .  
To ob ta in  t h e  phase information,  t h e  t h r e e  input  s i g n a l s  
were l i m i t e d  and f i l t e r e d .  The r e s u l t i n g  s i g n a l  from s t a t i o n  one 
was heterodyned a g a i n s t  a 1200 H z  r e f e rence  s i g n a l  der ived from 
t h e  60 H z  power l i n e .  The r e s u l t i n g  1700 H z  s i g n a l  was then  
added t o  t h e  1200 H z  r e f e rence  and t o  t h e  500 H z  s i g n a l  from 
s t a t i o n  two and recorded on a s i n g l e  t ape  t r ack .  The same 
process  was performed wi th  s t a t i o n s  one and t h r e e ,  and t h e  r e s u l t s  
recorded on s t i l l  a t h i r d  t r ack .  The c i r c u i t r y  involved i s  shown 
i n  Figures  5.5 and 5.6.  I n  t hese  schematic diagrams, and those  
t h a t  fo l low,  a l l  capac i tances  a r e  i n  microfarads ,  a l l  r e s i s t a n c e s  
a r e  i n  ohms, and a l l  inductances a r e  i n  hen r i e s  un le s s  otherwise 
s t a t e d .  
Time s i g n a l s  der ived  from WWV were then recorded on s t i l l  
another  t ape  t r ack .  The remaining t r acks  were used f o r  record ing  
s i g n a l s  der ived from t h e  20, 40, and 41  MHz t ransmissions which were 
used i n  t h e  r egu la r  program of Doppler s h i f t  and Faraday r o t a t i o n  
measurements performed by The Pennsylvania S t a t e  Univers i ty  
Ionosphere Research Laboratory. Since a l l  s i g n a l s  were a t  r e l a -  
t i v e l y  low audio f r equenc ie s ,  a recording speed of 3.75 inches per  
second was s u f f i c i e n t .  A block diagram of t h e  spaced r e c e i v e r  
experiment record ing  ins t rumenta t ion  i s  shown i n  Figure 5.7. 
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F i g c r e  5.5. 1200 Hz source. 
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5.7 Spaced S t a t i o n  Playback I n s t r u m e n t a t i o n  
On p layback ,  t h e  ampl i tude  d a t a  was r e c o n s t r u c t e d  by t h e  
f i l t e r s  and d i s c r i m i n a t o r s  i n  t h e  o u t p u t  s e c t i o n  of t h e  Model 3 
r e c o r d i n g  a d a p t e r .  The o u t p u t s  of t h e  r e c o r d i n g  a d a p t e r  were  t h e n  
f i l t e r e d  s o  t h a t  t h e  t o t a l  sys tem response  f e l l  o f f  a t  a  rate of  
60 dB p e r  decade above a  f requency  of approximately  1 0  Hz. 
Before  a phase  comparison between any two s t a t i o n s  cou ld  b e  
performed, t h e  o r i g i n a l  two 500 Hz s i g n a l s  must b e  recovered  from 
t h e  sum of t h e  t h r e e  f r e q u e n c i e s  recorded  on t h e  t a p e .  The 
n e c e s s a r y  f i l t e r i n g  and he te rodyning  c i r c u i t r y  i s  shown i n  F i g u r e s  
5.8 through 5.10. The l a r g e  number of f i l t e r i n g  s t a g e s  employed 
was n e c e s s a r y  t o  keep t h e  phase  r e s p o n s e  of any one s t a g e  
reasonab ly  f l a t  o v e r  t h e  passband invo lved  s o  t h a t  each  of t h e  
r e s u l t i n g  500 Hz s i g n a l s  would s u f f e r  t h e  same t i m e  d e l a y  i n  
t r a v e l i n g  through t h e  sys tem.  
The phase  d i f f e r e n c e  between t h e  two 500 Hz s i g a n l s  f i n a l l y  
emerging from t h e  f i l t e r s  can then  b e  o b t a i n e d  by employing t h e  
c i r c u i t r y  shown i n  F i g u r e  5 .11 ,  which e s s e n t i a l l y  c o n s i s t s  of a 
p a i r  of zero  c r o s s i n g  d e t e c t o r s ,  a  f l i p  f l o p ,  and a n  R.C.  i n t e g r a t o r  
a r r a n g e d  s o  t h a t  t h e  i n t e g r a t e d  o u t p u t  i s  p r o p o r t i o n a l  t o  t h e  
d i f f e r e n c e  i n  t h e  t imes  of occur rence  o f  t h e  ze ro  c r o s s i n g s  of 
each s i g n a l .  U n f o r t u n a t e l y ,  t h e  f r e e  space  d i s t a n c e  between t h e  
s a t e l l i t e  and each s t a t i o n  changes a s  t h e  s a t e l l i t e  moves, and t h e  
r e s u l t i n g  o u t p u t  on a  phase  comparator which r e c y c l e s  every  
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360 d e g r e e s  i s  a  sawcooth wave whose f requency and s e n s e  depends on 
t h e  manner i n  which t h e  satellite o r b i t  i n t e r s e c t s  t h e  hyperbo lo ids  
of c o n s t a n t  phase  of t h e  two an tennas  invo lved ,  Any s c i n t i l l a t i o n  
p r e s e n t  would b e  superimposed upon t h i s  sawtooth  waveform, and t h e  
anaPysns of t h e  s c i n t i l l a t i o n  becomes d i f f i c u l t ,  e s p e c i a l l y  when 
t h e  f r e e  s p a c e  phase  s h i f t  i s  n e a r  360 d e g r e e s ,  f o r  t h e n  any 
s e i n t ~ l l a t i o n  p r e s e n t  w i l l  t end  t o  c a u s e  t h e  comparator t o  r e e y l e  
and t h e  r e s u l t i n g  waveshape w l l l  be  v e r y  h a r d  t o  i n t e r p r e t .  If t h e  
sawtooth  r a t e  i s  r a p i d  compared t o  any s low s c i n t i l l a t i o n ,  i t  w i l l  
t end  t o  obscure  t h e  s lower  waveform and a l s o  make s c i n t i l l a t i o n  
i n t e r p r e t a t i o n  d i f f  i c u l t ,  
I f  t h e  r a t e  of change of t h e  f r e e  s p a c e  phase  d i f f e r e n c e  is  
examined i t  is s e e n  t o  change o n l y  s lowly  w i t h  t i m e ,  t h e  change i n  
f a c t  b e i n g  l i n e a r  f o r  t h e  s a t e l l i t e  n e a r  t h e  p o i n t  of c l o s e s t  
approach.  S i n c e  a l i n e a r  change of phase  d i f f e r e n c e  w i t h  t i m e  
cor responds  t o  a  c o n s t a n t  f requency d i f f e r e n c e  between t h e  two 
s i g a n l s ,  a s lowly  changing r a c e  of phase  d i f f e r e n c e  cor responds  
t o  a  f requency  d i f f e r e n c e  which changes o n l y  s lowly  w i t h  t i m e .  
I f  each of t h e  two o r i g i n a l  500 Hz s i g n a l s  whose phase  d i f f e r e n c e  
i s  d e s i r e d  i s  t h e n  passed through an  i d e n t i c a l  f requency  d i s -  
c r i m i n a t o r ,  t h e  d i f f e r e n c e  i n  t h e  o u t p u t s  s f  t h e  d i s c r i m i n a t o r s  
w i l l  v a r y  s l o w l y  w i t h  t ime i n  r h e  absence of s c i n t i l l a t i o n ,  I f  
t h i s  d i f f e r e n c e  i s  then  passed  through a  h i g h  p a s s  f i l t e r ,  and 
t h e  r e s u l t i n g  s i g n a l  IS i n t e g r a t e d ,  t h e  i n t e g r a t e d  o u t p u t  w i l l  
correspond t o  t h e  phase  d i f f e r e n c e  between t h e  two o r i g i n a l  s i g n a l s  
w i t h  t h e  s lowly  v a r y i n g  term due t o  t h e  movement of t h e  s a t e l l i t e  
removed. 
The n e c e s s a r y  c i r c u i t r y  f o r  accomplishing t h e  d i s c r i m i n a t i o n ,  
s u b t r a c t i o n ,  f i l t e r i n g ,  and i n t e g r a t i o n  i s  shown i n  F i g u r e s  5.12 
and 5 - 1 3 .  The h igh  p a s s  f i l t e r  had a c u t o f f  f requency of abou t  
1 / 1 2  Hz and was adap ted  f rom a d e s i g n  i n  t h e  Burr Brown Handbook 
of O p e r a t i o n a l  Ampl i f i e r  A c t i v e  RC Networks (1966).  The i n t e g r a t e d  
phase  o u t p u t  w a s  f u r t h e r  f i l t e r e d  through a  p a s s i v e  low p a s s  f i l t e r  
w i t h  a  3  dB c u t o f f  f requency of 1 2  Hz, and an  a t t e n u a t i o n  of a t  
l e a s t  30 dB by f r e q u e n c i e s  of 30 Hz o r  h i g h e r .  The t o t a l  phase  
sys tem had a s e n s i t i v i t y  of approximately  l % 3  v o l t  p e r  r a d i a n .  
The t h r e e  ampl i tude  o u t p u t s ,  t h e  o u t p u t  of t h e  s i m p l e  f l i p  
f l o p  phase  comparator ,  and t h e  o u t p u t  of t h e  d i s c r i m m a t o r  sys tem 
were d i s p l a y e d  a l o n g  w i t h  t i m e  i n f o r m a t i o n  on a  Model 350 Sanborn 
o s c i l l o g r a p h .  A b l o c k  diagram of t h e  e n t i r e  p layback system i s  
shown i n  F i g u r e  5.14. A s e c t i o n  of a  t y p i c a l  q u i e t  r e c o r d  i s  
shown i n  F i g u r e  5 .15,  From t o p  t o  bottom, t h e  t r a c e s  a r e :  one 
second t i m e  marker from o s c i l l o g r a p h ,  raw phase ,  c o r r e ~ t e d  phase ,  
s t a t i o n s  two, one and t h r e e  ampl i tudes ,  and WWV t i m e  s i g n a l s ,  
The o s c i l l o g r a p h  speed is f i v e  m i l l i m e t e r s  pe r  second,  and t h e  
s e n s i t i v i t y  of t h e  c o r r e c t e d  phase  o u t p u t  i s  f i v e  m i l l i m e t e r s  
p e r  r a d i a n .  The sudden d e c r e a s e s  i n  ampl i tude  e v i d e n t  on t h e  
t h r e e  ampl i tude  t r a c e s  a r e  due t o  a  z e r o i n g  c i r c u i t  which reduced 
t h e  i n p u t  ampl i tude  t o  z e r o  once a  minute  f o r  c a l i b r a t f o n  purposes .  
OTHER STATION 
ALL TRANSISTORS : 2N2219 
TRANSFORMERS : TRIAD A-89 A 
Figure 5.12, Discriminator circuitry. 
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The q u a s i p e r i o d i c  f a d i n g  v i s i b l e  i n  t h e  ampl i tude  t r a c e s  i s  due t o  
Faraday r o t a t i o n  and t h e  f a c t  t h a t  t h e  p a t t e r n s  o f  t h e  r e c e i v i n g  
an tennas  do n o t  have u n i t y  a x i a l  r a t i o  e x c e p t  f o r  s m a l l  s a t e l l i t e  
z e n i t h  a n g l e s .  I n  t h i s  f i g u r e ,  t h e  phase  b e i n g  d i s p l a y e d  i s  measured 
between r e c e i v i n g  l o c a t i o n s  one and t h r e e .  
A s e c t i o n  of a  t y p i c a l  s c i n t i l l a t i n g  pass  i s  shown i n  
F i g u r e s  5 .16 and 5.17. The phase  d i f f e r e n c e  between s t a t i o n s  one 
and two i s  d i s p l a y e d  i n  F i g u r e  5.16,  and t h e  phase  d i f f e r e n c e  
between s t a t i o n s  one and t h r e e  i n  F i g u r e  5.17. The system p layback  
r a t e  and phase  s e n s i t i v i t y  a r e  t h e  same a s  i n  F i g u r e  5 ,15.  The 
d i f f e r e n c e  i n  t h e  ampl i tude  of t h e  phase  f l u c t u a t i o n s  e v i d e n t  i n  a  
comparison of t h e  phase  o u t p u t s  of t h e  two f i g u r e s  is  due t o  t h e  
f a c t  t h a t  t h e  p a t t e r n  e l o n g a t i o n  is  predominate ly  a long  t h e  1-3 
b a s e l i n e  a t  t h i s  p o i n t  i n  t h e  o r b i t ,  and t h e  magnitude of t h e  phase  
d i f f e r e n c e  a s  s e e n  by t h e  1-3 p a i r  i s  reduced i n  accordance w i t h  
e q u a t i  on 4.36. 
The r a t h e r  sudden c e s s a t i o n  of t h e  s c i n t i l l a t i o n  a c t i v i t y  
v i s i b l e  a t  t h e  l e f t  of t h e  r e c o r d  is  c h a r a c t e r i s t i c  of many of t h e  
p a s s e s  observed.  S i m i l a r  c e s s a t i o n s  have been observed by Yeh and 
Swenson (1964).  It shou ld  a l s o  b e  no ted  t h a t  t h e  ampl i tude  and phase  
s c i n t i l l a t i o n  s t o p  a t  t h e  same t ime implying a  common s o u r c e .  
5 . 8  D i f f e r e n t i a l  Doppler I n s t r u m e n t a t i o n  
To v e r i f y  t h e  spaced r e c e i v e r  r e s u l t s ,  a few d i f f e r e n t i a l  
Doppler measurements were  performed w i t h  t h e  20 and 40 MHz s i g n a l s  
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r e c e i v e d  a t  l o c a t i o n  one.  The 20 MHz an tenna  employed was a 
h o r i z o n t a l  t u r n s t i l e  c o n s t r u c t e d  of aluminium tub ing  and f e d  w i t h  
a matching network i d e n t i c a l  t o  t h a t  shown i n  F i g u r e  5 . 2 ,  The 
c a p a c i t o r s  a t  t h e  ends of t h e  f o l d e d  d i p o l e s  were n o t  employed as 
t h e  an tenna  d i e l e c t r i c  c o n s i s t e d  of a i r .  
The r e c e i v i n g  a p p a r a t u s  c o n s i s t e d  of a  Tapetone TC-20 con- 
v e r t e r ,  and a  S p e c i f i c  Produc t s  SR-7 r e c e i v e r  s i m i l a r  t o  t h e  
spaced s t a t i o n  i n s t r u m e n t a t i o n ,  The aud lo  l o a d  i n  t h e  20 MHz 
r e c e i v e r  was tuned a t  250 Hz,  A 20 MHz s i g n a l  d e r i v e d  from t h e  
1.000260 MHz v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  was i n j e c t e d  i n t o  t h e  
c o n v e r t e r  and heterodyned w i t h  t h e  s a t e l l r t e  s i g n a l  t o  produce 
a n  a u d i o  o u t p u t  a t  250 Hz ,  which was s e n t  over  a l e a s e d  t e l e p h o n e  
l i n e  t o  t h e  main p r o c e s s i n g  s i t e .  On a r r i v a l ,  t h e  s i g n a l  was 
f i l t e r e d ,  l i m i t e d ,  f i l t e r e d  i u r t h e r ,  and added t o  a  s i m i l a r l y  
l i m i t e d  and f i l t e r e d  500 Hz s i g n a l  d e r i v e d  from t h e  40 MHz s a t e l l i t e  
t r a n s m i s s i o n .  The r e s u l t i n g  s i g n a l  was recoxded on one t r a c k  of 
t h e  magnet ic  t a p e ,  
On p layback ,  t h e  i n d i v i d u a l  s i g n a l s  were recovered by t h e  
p roper  f i l t e r i n g .  The 250 Hz s i g n a l  was doubled i n  f requency  and 
phase  compared t o  t h e  500 Hz s i g n a l  u s i n g  t h e  phase comparator 
shown i n  Ffgure  5 - 1 8 ,  The Schmit t  t r i g g e r s  i n  t h e  i n p u t  c i r c u i t r y  
were des igned  t o  f u n c t i o n  w i t h  inpuc s i g n a l s  of low ampl i tude  
and were  adapted from a  c i r c u i t  developed by Robinson (1964).  
An examinat ion of t h e  comparator c i r c u i t r y  w i l l  show t h a t  t h e  o u t p u t  
v o l t a g e  d e c r e a s e s  l i n e a r l y  from a  maximum t o  a minimum v a l u e  a s  

t h e  phase d i f f e r e n c e  of t h e  i n p u t s  v a r i e s  from 0" t o  180'. The 
output  then inc reases  toward t h e  maximum va lue  a s  t h e  phase d i f f e r e n c e  
goes from 180" t o  360'. Thus, each complete ou tput  c y c l e  corresponds 
t o  a  360' phase d i f f e r e n c e .  The e f f e c t s  of s c i n t i l l a t i o n  may be 
ob ta ined  by no t ing  t h e  d i f f e r e n c e  between t h e  a c t u a l  r a t e  of change 
of t h e  phase d i f f e r e n c e  w i th  t i m e  and t h e  r a t e  expected from an  
ionosphere w i th  no i r r e g u l a r i t i e s .  This  i s  done by count ing t h e  
number of cyc l e s  of phase change wi th  time s t a r t i n g  from some 
a r b i t r a r y  p o i n t ,  and no t ing  t h e  d i f f e r e n c e  between t h i s  f u n c t i o n  
and a  smooth curve. To f a c i l i t a t e  t h e  i d e n t i f i c a t i o n  of t h e  s ense  
of t h e  phase d i f f e r e n c e  when t h e  s c i n t i l l a t i o n  causes  a  r e v e r s a l  
i n  t h e  s t eady  phase v a r i a t i o n  due t o  t h e  changing s a t e l l i t e  p o s i t i o n ,  
a  second phase comparison i s  made between one of t h e  o r i g i n a l  i npu t  
s i g n a l s ,  and a  second s i g n a l  der ived  by s h i f t i n g  t h e  phase of t h e  
o t h e r  i npu t  s i g n a l  by 90'. This  ou tput  is  r e f e r r e d  t o  a s  t h e  
quadra ture  ou tput  i n  F igure  5.18. A block diagram of t h e  e n t i r e  
Doppler ins t rumenta t ion  system is shown i n  Figure 5.19. 
A s e c t i o n  of a  t y p i c a l  s c i n t i l l a t i n g  record  i s  shown i n  
F igure  5.20. The topmost t r a c e  i s  t h e  t ime marker from t h e  Sanborn 
osc i l l og raph .  The next  two t r a c e s  con ta in  t h e  two ou tpu t s  from t h e  
phase comparator, The next  t r a c e  con ta in s  t h e  40MHz ampli tude a s  
der ived  from t h e  spaced r e c e i v e r  ins t rumenta t ion ,  The next  two 
t r a c e s  con ta in  t h e  i npu t s  t o  t h e  phase comparator,  t h e  s i g n a l  
der ived  from t h e  40 MHz t ransmiss ion  being topmost. The bottommost 
t r a c e  con ta in s  WWV t ime s i g n a l s .  It is  ev ident  from t h e  second 


and t h i r d  t r a c e s  from t h e  bot tom t h a t  l i m i t i n g  of t h e  s i g n a l s  i s  
v i r t u a l l y  complete  even b e f o r e  t h e  s i g n a l s  a r e  l i m i t e d  by t h e  
Schmit t  t r i g g e r s  i n  t h e  phase  comparator ,  The c h a r t  speed i n  t h i s  
F i g u r e  i s  25 m i l l i m e t e r s  p e r  second,  
V I  . METHOD OF ANALYSIS 
6 . 1  I n t r o d u c t i o n  
The d a t a  o b t a i n e d  w i t h  t h e  exper imenta l  a p p a r a t u s  can b e  
ana lyzed  i n  accordance w i t h  t h e  e q u a t i o n s  developed i n  Chapter  I V .  
However, some d e t a i l s  of t h e  a c t u a l  a n a l y s i s  a r e  involved enough 
t o  w a r r a n t  f u r t h e r  e l a b o r a t i o n .  
6 . 2  Spaced S t a t i o n  C o r r e l a t i o n  A n a l y s i s  
O s c i l l o g r a p h s  of s e l e c t e d  s e c t i o n s  of t h e  spaced r e c e i v e r  
r e c o r d i n g s  were  o b t a i n e d  a t  p layback speeds  of 25 and 50 m i l l i m e t e r s  
p e r  second.  These o s c i l l o g r a p h s  were  sampled a t  a  r a t e  of 25 samples 
p e r  second,  and t h e  sampled v a l u e s  were t r a n s f e r r e d  t o  IBM c a r d s  
w i t h  t h e  a i d  of a Gerber model GDDRS-3 S c a l i n g  Machine. I n  view 
of t h e  low p a s s  f i l t e r i n g  employed p r i o r  t o  o s c i l l o g r a p h i c  p layback ,  
t h i s  sampl ing r a t e  w a s  s u f f i c i e n t  t o  p r e v e n t  a l i a s i n g .  
Before  f u r t h e r  p r o c e s s i n g ,  i t  was n e c e s s a r y  t o  remove t h e  
e f f e c t s  of Faraday r o t a t i o n  from t h e  ampl i tude  d a t a .  For t h i s  
purpose  a second d e g r e e  polynomial  was f i t t e d  i n  t h e  l e a s t  mean 
s q u a r e  s e n s e  t o  t h e  f i r s t  160 d a t a  samples .  The v a l u e  of t h e  d a t a  
a t  t h e  8 0 t h  sample w a s  t h e n  r e p l a c e d  by t h e  d i f f e r e n c e  between t h e  
o r i g i n a l  d a t a  v a l u e  and t h e  v a l u e  of t h e  polynomial a t  t h i s  p o i n t .  
S i m i l a r l y ,  t h e  8 1 s t  sample p o i n t  w a s  r e p l a c e d  by t h e  d i f f e r e n c e  
between i t s  v a l u e  and t h a t  of a  polynomial f i t t e d  o v e r  t h e  2nd t o  
t h e  1 6 1 s t  sample v a l u e s .  T h i s  p r o c e s s  was con t inued  u n t i l  each 
p o i n t  more t h a n  79 samples from t h e  ends of t h e  d a t a  had been 
r e d e f i n e d .  S i n c e  t h i s  p r o c e s s  e f f e c t i v e l y  throws away 158 sample 
v a l u e s ,  and s i n c e  t h e  Faraday r o t a t i o n  causes  o n l y  s low changes i n  
t h e  average  v a l u e  of t h e  r e c e i v e d  ampl i tude ,  i t  was deemed s u f f i c i e n t  
t o  d e f i n e  t h e  f i r s t  and l a s t  79 sample v a l u e s  by o b t a i n i n g  t h e  
d i f f e r e n c e s  between t h e  a c t u a l  d a t a  v a l u e s  and t h e  v a l u e s  of t h e  
polynomials  f i t t e d  o v e r  t h e  f i r s t  and l a s t  160 p o i n t s  r e s p e c t i v e l y .  
A l l  new d a t a  v a l u e s  were t h e n  normal ized by d i v i d i n g  them by t h e  
v a l u e  of t h e  a p p r o p r i a t e  polynomial from which t h e y  were o b t a i n e d .  
Th is  p r o c e s s  y i e l d e d  a  s e r i e s  of normal ized d i f f e r e n c e s  from 
t h e  average  v a l u e s  of r e c e i v e d  ampl i tude ,  t h e  averag ing  having been 
done o v e r  a  6 .4  second range.  T e s t s  made w i t h  a s i m i l a r  a v e r a g i n g  
t echn ique  over  ranges  of 5 and 8  seconds  showed t h a t  t h e  6 .4  second 
range w a s  long  enough t o  e f f e c t i v e l y  remove t h e  e f f e c t s  of Faraday 
r o t a t i o n  w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  t h e  s c i n t i l l a t i o n  d a t a .  
The a u t o  and c r o s s  c o r r e l a t i o n s  of t h e  c o r r e c t e d  d a t a  were t h e n  
computed u s i n g  r e g u l a r  I B M  s u p p l i e d  F o r t r a n  s u b r o u t i n e s  on an  I B M  
360 d i g i t a l  computer.  These c o r r e l a t i o n  f u n c t i o n s  were t h e n  f i t t e d  
i n  t h e  v f c i n i t y  of t h e i r  o r i g i n s  w i t h  Gaussian c u r v e s ,  t h e  f i t t i n g  
be ing  accomplished i n  t h e  l e a s t  mean s q u a r e  s e n s e .  
Once t h e  e q u i v a l e n t  Gaussian c o e f f i c i e n t s  had been o b t a i n e d ,  
t h e  v a l u e s  of V g ,  V c ,  Axi ,  AX?,  na, and < c a n  b e  o b t a i n e d  by 
8  
app ly ing  t h e  e q u a t i o n s  of s e c t i o n  4.3.  I n  p r a c t i c e ,  t h e  assumption 
t h a t  t h e  p a t t e r n  can b e  r e p r e s e n t e d  by an  e l l i p s o i d  o f  r e v o l u t i o n  
can  b e  expec ted  t o  ho ld  o n l y  approximately .  Fur thermore,  e r r o r s  
a r e  i n t r o d u c e d  i n  t h e  s c a l i n g  and curve  f i t t i n g  p r o c e s s e s .  T h e r e f o r e ,  
i t  may b e  expected t h a t  t h e  c o e f f i c i e n t s  of t h e  e l l i p s o i d ,  A ,  B, C ,  
F ,  G ,  and H d e f i n e d  i n  e q u a t i o n  4 .5  w i l l  be  known on ly  approx imate ly .  
I f  t h e  e l o n g a t i o n  of t h e  e l l i p s e  i s  l a r g e ,  t h e n  an  examinat ion of 
e q u a t i o n s  4 .11 and 4.12 w i l l  show t h a t  t h e  p roduc t  AB w i l l  b e  v e r y  
n e a r l y  e q u a l  t o  H squared .  As a  r e s u l t  i f  A, B ,  and H a r e  o n l y  
approx imate ly  known, t h e  r e s u l t i n g  v a l u e s  o f  major a x i s  s i z e ,  
p a t t e r n  d r i f t  v e l o c i t y  magnitude and d i r e c t i o n ,  and t h e  v a l u e  of 
c h a r a e t e r i s t i c  random v e l o c i t y  w i l l  b e  h i g h l y  u n c e r t a i n  depending 
as they  do on t h e  q u a n t i t y  AB-H*. It w i l l ,  t h e r e f o r e ,  b e  more 
a c c u r a t e  t o  o b t a i n  5 from t h e  sa te l l i t e  o r b i t a l  d a t a ,  r a t h e r  t h a n  
g 
from t h e  c o r r e l a t i o n  a n a l y s i s .  It w i l l  a l s o  be  found t h a t  t h e  
magnitude of t h e  d r i f t  v e l o c i t y  is  b e s t  determined by f i r s t  ob- 
t a i n i n g  t h e  component i n  t h e  d i r e c t i o n  of t h e  minor a x i s  of t h e  
d i f f r a c t i o n  p a t t e r n  by u s i n g  e q u a t i o n  4.18. S i m i l a r l y  V i s  b e s t  
C 
e s t i m a t e d  by t h e  u s e  of t h e  approximate  r e l a t i o n  g i v e n  i n  e q u a t i o n  
4 .20 .  U n f o r t u n a t e l y ,  no similar approximate  r e l a t i o n  may b e  
d e r i v e d  f o r  t h e  s i z e  of t h e  major a x i s ,  and e q u a t i o n  4.14 must b e  
used even though i t  may b e  n u m e r i c a l l y  i n a c c u r a t e .  P h y s i c a l l y ,  
t h i s  i s  a  r e f l e c t i o n  of t h e  f a c t  t h a t  i t  i s  n o t  p o s s i b l e  t o  o b t a i n  
h i g h l y  a c c u r a t e  measures of p a t t e r n  e l o n g a t i o n  w i t h  t h i s  method, 
when t h e  l o n g  dimension of t h e  p a t t e r n  i s  much l a r g e r  t h a n  t h e  
s p a c i n g  between r e c e i v i n g  s t a t i o n s .  
To o b t a i n  r e s u l t s  from t h e  phase d a t a ,  t h e  o sc i l l og raph  
t r a c e  of t h e  phase d i f f e r e n c e  co r r ec t ed  f o r  t h e  e f f e c t s  of s a t e l l i t e  
motion w a s  s ca l ed  along wi th  t h e  ampli tude d a t a .  The b e s t  mean 
square  s t r a i g h t  l i n e  over t h e  whole d a t a  sample was obtained and 
s u b t r a c t e d  from t h e  d a t a ,  s o  t h a t  t h e  d a t a  used f o r  c a l c u l a t i o n  
had zero mean va lue .  The reduced d a t a  was then au toco r r e l a t ed ,  
f i t t e d  i n  t h e  v i c i n i t y  of t h e  o r i g i n  wi th  a  func t ion  of t h e  form 
given i n  equa t ion  4 . 3 7 ,  and t h e  corresponding va lues  of L and 
CP12 
@ were ob ta ined  . 
0 
6 .3  The Average Height of t h e  S c i n t i l l a t i n g  Region and t h e  
O r i e n t a t i o n  of t h e  Ground P a t t e r n  
The average he igh t  of t h e  s c i n t i l l a t i o n  reg ion  may be  found 
from a knowledge of t h e  p a t t e r n  d r i f t  v e l o c i t y  on t h e  ground, and 
a  knowledge of t h e  s a t e l l i t e  p o s i t i o n  a s  a  func t ion  of t i m e  by 
employing equa t ions  4 . 3  and 4 . 4 .  The s a t e l l i t e  p o s i t i o n  a s  a  
func t ion  of t i m e  was ob ta ined  from Goddard Space F l i g h t  Center 
o r b i t a l  d a t a  which g ives  t h e  s a t e l l i t e  p o s i t i o n  f o r  every minute 
of t i m e  t o  a  p r e c i s i o n  b e t t e r  than  one km i n  h e i g h t ,  l ong i tude  and 
l a t i t u d e .  Due t o  t h e  l a r g e  i n c l i n a t i o n  of t h e  s a t e l l i t e  o r b i t ,  
l i n e a r  i n t e r p o l a t i o n  was pe rmis s ib l e  f o r  determining t h e  s a t e l l i t e  
p o s i t i o n  f o r  sma l l e r  t ime increments .  
Once t h e  he igh t  of t h e  s c i n t i l l a t i n g  r eg ion  i s  determined, 
t h e  t h e o r e t i c a l  o r i e n t a t i o n  of t h e  r e s u l t i n g  ground p a t t e r n  can be  
ca l cu la t ed  by t h e  use  of equat ion 3.42.  This  r e q u i r e s  a  knowledge 
of t h e  E a r t h ' s  magnetic f i e l d  a s  a  func t ion  of he igh t .  The magnetic 
f i e l d  w a s  represented  by a  Legendre polynomial expansion wi th  terms 
up t o  t h e  t e n t h  degree.  The c o e f f i c i e n t s  of t h e  model were t h e  
Goddard Space F l i g h t  Center c o e f f i c i e n t s  f o r  epoch 1965.0. 
6.4 The Est imation of Power Spec t r a l  Dens i t i e s  
I n  t h e  i n t e r p r e t a t i o n  of t h e  Doppler measurements, i t  is  of 
i n t e r e s t  t o  ob ta in  e s t ima te s  of t h e  power s p e c t r a  of t h e  Doppler 
phase v a r i a t i o n s  and compare t h e s e  t o  t h e  power s p e c t r a  of t h e  
amplitude v a r i a t i o n s  obtained from t h e  spaced r e c e i v e r  experiment. 
The des i r ed  s p e c t r a l  e s t ima te s  were obtained by t h e  method of 
Blackman and Tukey (1958), which is ou t l i ned  below. 
Any phys i ca l ly  r e a l i z i b l e  d a t a  w i l l  be  of l imi t ed  t i m e  
ex t en t .  The power spectrum computed from t h i s  sample may d i f f e r  
from t h e  a c t u a l  power spectrum of t h e  sample popula t ion  from which 
t h e  sample can be imagined t o  have been drawn. Due t o  t h e  Wiener 
Khintchine theoren,  t h e  power spectrum may be computed by f i r s t  
ob ta in ing  t h e  autocovariance func t ion  of t h e  d a t a  sample, and then 
Four ie r  transforming i t  t o  y i e l d  t h e  computed s p e c t r a l  e s t ima te s .  
I f  t h e  autoeovariance func t ion  computed a s  a  func t ion  of t i m e  i s  
then mul t ip l i ed  by a func t ion  of time D ( t ) ,  and t h e  r e s u l t  i s  
Four ie r  transformed, Blackman and Tukey have shown t h a t  t he  
r e s u l t i n g  s p e c t r a l  estimate P ( f )  i s  r e l a t e d  t o  t h e  spectrum 
e 
d e n s i t y  of t h e  p a r e n t  p o p u l a t i o n  by 
where Q ( f )  i s  t h e  F o u r i e r  t r a n s f o r m  of D ( t )  and i s  known as t h e  
s p e c t r a l  window cor responding  t o  D ( t ) .  
From t h e  t h e o r y  of F o u r i e r  t r a n s f o r m s ,  i t  is  e v i d e n t  t h a t  
a s  t h e  "width" of D ( t )  becomes l a r g e  i n  t i m e ,  t h e  "width" of Q ( f )  
w i l l  d e c r e a s e  and P ( f )  w i l l  become a b e t t e r  e s t i m a t e  of P ( f ) .  
e 
However, i t  can b e  shown t h a t  t h e  s t a t i s t i c a l  e r r o r  a s s o c i a t e d  w i t h  
a computed v a l u e  of a u t o c o v a r i a n c e  i n c r e a s e s  as t h e  t ime  l a g  a t  
which t h e  a u t o c o v a r i a n c e  was ob ta ined  i n c r e a s e s .  T h e r e f o r e ,  i t  is  
d e s i r a b l e  t o  have D ( t )  span  a r e l a t i v e l y  small l e n g t h  of t ime  f o r  
h i g h  s t a t i s t i c a l  accuracy .  
It i s  t h u s  s e e n  t h a t  h i g h  s t a t i s t i c a l  accuracy  and h i g h  
r e s o l u t i o n  of t h e  shape  of t h e  observed spectrum a r e  mutua l ly  
e x c l u s i v e  requ i rements ,  and some compromise between t h e s e  r e q u i r e -  
ments is  n e c e s s a r y  i n  p r a c t i c e .  Blackman and Tukey recommend a 
D ( t )  of t h e  form 
D ( t )  = .5 ( 1  + c o s  v t / T  ) t < Tm 
m - 
where T i s  a  length  of t i m e  l e s s  than 5 o r  10 percent  of t h e  
m 
t o t a l  sample length .  This  choice  of D( t )  r e s u l t s  i n  a Q(f) which 
has  a  main l obe  roughly t r i a n g u l a r  i n  shape wi th  base width 2/T Hz 
m 
and w i t h  s ide lobes  of he igh t  less than 3 percent  of t h e  main l o b e .  
I n  t h i s  s tudy  r e s o l u t i o n  of t h e  f e a t u r e s  of t h e  s p e c t r a  was 
judged somewhat more important  than agreement between t h e  observed 
s p e c t r a  and those  of some imaginary sample popula t ion ,  and s o  T 
m 
was chosen a t  approximately 20 percent  of t h e  t o t a l  sample l e n g t h .  
I n  p r a c t i c e ,  i t  was found necessary  t o  numerical ly  prewhiten t h e  
d a t a  t o  minimize t h e  e f f e c t s  of t h e  s ide lobes  of Q(f ) .  The e x a c t  
amount of prewhitening necessary  depends on t h e  exac t  shape of t h e  
spectrum be ing  es t imated .  By t r y i n g  d i f f e r e n t  numerical f i l t e r i n g  
of t h e  i n p u t  da t a ,  and d i f f e r e n t  va lues  f o r  T i t  was found t h a t  
m ' 
a prewhitening of t h e  h i g h e s t  f requenc ies  by 20 t o  26 dB i n  power 
over  t h e  lowest  f requenc ies  was adequate  f o r  c o n s i s t e n t  r e s u l t s .  
The d e t a i l s  of t h e  prewhitening method employed, and t h e  c o r r e c t i o n s  
necessary  t o  remove t h e  e f f e c t s  of t h e  prewhitening from t h e  f i n a l  
r e s u l t s ,  a s  w e l l  a s  t h e  modi f ica t ions  necessary  f o r  computation wi th  
d a t a  i n  d i g i t a l  form a r e  given i n  Blackman and Tukey. 
V I I .  EXPERIMENTAL RESULTS 
7 . 1  I n t r o d u c t i o n  
Exper imental  d a t a  w a s  c o l l e c t e d  d u r i n g  t h e  Spr ing  of 1968 and 
p rocessed  a s  d i s c u s s e d  i n  Chapter V I .  S i n c e  t h e  m a j o r i t y  of s c i n -  
t i l l a t i o n  observed occured d u r i n g  t h e  hours  of d a r k n e s s ,  and s i n c e  
t h a t  which d i d  sometimes occur  d u r i n g  t h e  d a y l i g h t  h o u r s  was u s u a l l y  
found a t  t h e  extreme ends of t h e  p a s s ,  a t t e n t i o n  was g i v e n  on ly  t o  
t h e  n igh t ime  r e c o r d s .  Due t o  t h e  l a c k  of a n  automated d a t a  r e d u c t i o n  
system o n l y  a  few p a s s e s  cou ld  b e  analyzed i n  d e t a i l .  S i x  p a s s e s  
were chosen which d i s p l a y e d  t o  t h e  e y e  v a r y i n g  degrees  of s c i n t i l -  
l a t i o n  a c t i v i t y .  It i s  f e l t  t h a t  t h e s e  p a s s e s  a r e  v a r i e d  enough t o  
i n d i c a t e  t h e  t y p e s  of r e s u l t s  t o  be  expec ted  from a  spaced r e c e i v e r  
exper iment .  The o r b i t a l  c h a r a c t e r i s t i c s  and t imes  of c l o s e s t  
approach a r e  g i v e n  i n  Tab le  I. 
7 . 2  He igh t  of t h e  S c i n t i l l a t i n g  Region and O r i e n t a t i o n  of t h e  
Ground P a t t e r n  Using t h e  Method of S i m i l a r  Fades 
The one  d imens iona l  method d e s c r i b e d  i n  s e c t i o n  4.6 p r o v i d e s  
a  s imple  way of o b t a i n i n g  approximate  v a l u e s  f o r  t h e  h e i g h t  of t h e  
s c i n t i l l a t i n g  r e g i o n  w i t h o u t  t h e  need of a f u l l  c o r r e l a t i o n  a n a l y s i s .  
Th i s  t e c h n i q u e ,  i n  f a c t ,  does  n o t  even r e q u i r e  t h a t  t h e  cor re logram 
on t h e  ground b e  Gaussian,  b u t  s imply t h a t  t h e  p a t t e r n  e l o n g a t i o n  
b e  l a r g e ,  and t h e  s t a t i o n  s p a c i n g s  b e  c l o s e  enough s o  t h a t  s i m i l a r  
f e a t u r e s  a r e  r e c o g n i z i b l e  t o  t h e  eye  a t  t h e  t h r e e  s t a t i o n s .  S i n c e  
Table I. S a t e l l i t e  O r b i t a l  Data. 
Orb i t  Date D i r ec t  i on  Time of C loses t  
Number of Pass Approach (EST) 
17616 4-14-68 South-North 0136,44" 
18141 5-22-68 North-South 0558,28" 
18154 5-23-68 North-South 0439,58" 
18168 5-24-68 North-South 0507,26" 
18359 6-07-68 North-South 0241,511' 
18523 6-19-68 North-South 0107,40" 
t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  f u l l  c o r r e l a t i o n  a n a l y s i s  do show t h a t  
t h e  e l o n g a t i o n  was indeed  l a r g e ,  t h e  s e l e c t e d  p a s s e s  were played 
back a t  o s c i l l o g r a p h  speeds  of 1 0  and 25 m i l l i m e t e r s  p e r  second,  and 
t h e  t i m e  d e l a y s  between s i m i l a r  f e a t u r e s  i n  t h e  ampl i tude  p a t t e r n s  
a t  t h e  t h r e e  ground s t a t i o n s  were  e s t i m a t e d  by eye  a t  1 0  t o  20 second 
i n t e r v a l s  f o r  a l l  p .or t ions  of t h e  p a s s e s  i n  which s i m i l a r  s c i n t i l -  
l a t i n g  f e a t u r e s  were  r e c o g n i z i b l e .  
The major e r r o r  i n  t h i s  method i s  t h e  t ime  u n c e r t a i n t y  i n  
e s t i m a t i n g  t h e  t i m e  of maximum c r o s s c o r r e l a t i o n  by eye  s i n c e  a  
s c i n t i l l a t i n g  r e g i o n  of a p p r e c i a b l e  t h i c k n e s s  w i l l  c a u s e  t h e  shape  
of t h e  f e a t u r e s  t o  b e  s l i g h t l y  d i f f e r e n t  a t  each s t a t i o n .  To mini-  
mize t h i s  e f f e c t  a s  much a s  p o s s i b l e ,  t h e  t i m e  d e l a y s  cor responding  
t o  s e v e r a l  c l o s e l y  spaced f e a t u r e s  were o b t a i n e d ,  and t h e  average  
v a l u e  of t h e s e  r e a d i n g s  was used i n  t h e  c a l c u l a t i o n s .  The t i m e  
u n c e r t a i n t y  i n t r o d u c e d  by t h i s  t e c h n i q u e  i s  e s t i m a t e d  a t  approxi-  
mate ly  s .35 seconds .  The r e s u l t i n g  g e o c e n t r i c  h e i g h t s  were ca lcu-  
l a t e d  from e q u a t i o n s  4 .3 ,  4 .4 ,  and 4.33. These h e i g h t s ,  t o g e t h e r  
w i t h  e r r o r  b a r s  cor responding  t o  t h e  e s t i m a t e d  e r r o r  i n  o b t a i n i n g  
t ime d e l a y s ,  are shown i n  F i g u r e s  7 . 1  through 7 .6  The h o r i z o n t a l  
s c a l e  i n  t h e s e  f i g u r e s  i s  t h e  l a t i t u d e  of t h e  i o n o s p h e r i c  p o i n t  
i n t e r s e c t e d  by t h e  s t r a i g h t  l i n e  from t h e  s a t e l l i t e  t o  r e c e i v i n g  
s t a t i o n  one. Cont inuing s c i n t i l l a t i o n  f o r  which no h e i g h t s  cou ld  
b e  o b t a i n e d  due t o  t h e  weakness of t h e  s a t e l l i t e  s i g n a l ,  o r  t h e  
l a c k  of similar f a d e s  a t  a l l  t h r e e  ground s t a t i o n s ,  i s  i n d i c a t e d  by 
a n  arrow.  A c r o s s  i n d i c a t e s  t h e  sudden o n s e t  o r  c e s s a t i o n  of 
s c i n t i l l a t i o n .  
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F i g u r e  7.1. I r r e g u l a r i t y  h e i g h t s  f o r  p a s s  17616, 1 4  A p r i l  1968. 
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Figure  7 .2 .  I r r e g u l a r i t y  h e i g h t s  f o r  pass  18141, 22 May 1968. 
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F i g u r e  7.3. I r r e g u l a r i t y  h e i g h t s  f o r  p a s s  18154, 23 May 1968. 
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Figure  7.5. I r r e g u l a r i t y  h e i g h t s  f o r  pa s s  18359, 7 June 1968. 

No evident  r e l a t i o n  between t h e  occurence of s c i n t i l l a t i o n ,  
o r  t h e  he igh t  of t h e  s c i n t i l l a t i o n  reg ion ,  and t h e  p o s i t i o n  of t h e  
s a t e l l i t e  could be found al though i t  was c l e a r  t h a t  i t  was more 
usua l  f o r  s c i n t i l l a t i o n  t o  be seen t o  t he  no r th ,  r a t h e r  than t o  t h e  
south  of t h e  s t a t i o n .  Undoubtedly some of t h e  s c a t t e r  of t h e  he igh t s  
ob ta ined  was due t o  e r r o r s  i n  obta in ing  time de lays  which exceeded 
t h e  est imated e r r o r  l i m i t s .  However, i t  is apparent  t h a t  a  complex 
he igh t  s t r u c t u r e  s t i l l  ex i s t ed  and t h a t  s u b s t a n t i a l  v a r i a t i o n s  i n  t h e  
he igh t  of t h e  s c i n t i l l a t i n g  reg ion  occurred during a  s i n g l e  pass .  
The apparent  ex i s t ence  of more than one va lue  of he igh t  f o r  
a  s i n g l e  ionospher ic  l a t i t u d e  was undoubtedly due t o  a nonuniform 
i r r e g u l a r i t y  d i s t r i b u t i o n  wi th  he igh t  a s  discussed by Jespersen  and 
Kamas (1964). F igure  7 . 7 ,  which is  taken a f t e r  Jespersen  and Kamas, 
i l l u s t r a t e s  t h i s  e f f e c t .  It should be pointed o u t ,  however, t h a t  t h e  
absence of such mul t ip l e  valued s t r u c t u r e  does not  n e c e s s a r i l y  
i n d i c a t e  a  region of smal l  he ight  ex t en t .  It may simply i n d i c a t e  a  
reg ion  of compari t ively uniform he ight  d i s t r i b u t i o n .  
The o r i e n t a t i o n s  of t h e  l i n e s  of maximums of t h e  amplitude 
p a t t e r n s  on the  ground were a l s o  ca l cu la t ed  from t h e  measured time 
de lays  wi th  equat ion 4.32. The t h e o r e t i c a l  o r i e n t a t i o n s  of t h e  
p a t t e r n s  on t h e  ground caused by e l l i p s o i d a l  i r r e g u l a r i t i e s  e longated 
by a  f a c t o r  of 10 t o  1 along t h e  E a r t h ' s  magnetic f i e l d  were obtained 
from t h e  ground contours  given i n  equat ion 3 .42 .  For t h e s e  calcu-  
l a t i o n s ,  t h e  t h e o r e t i c a l  va lue  of t h e  Ea r th ' s  magnetic f i e l d  was 
computed a t  t h e  he ight  given by each s e t  of time de l ays .  I n  a l l  
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Figure  7 . 7  Diagrammatic r e p r e s e n t a t i o n  of i r r e g u l a r i t y  he igh t  d i s t r i b u t i o n  which can cause 
m u l t i p l e  va lues  of i r r e g u l a r i t y  he igh t  a t  a s i n g l e  va lue  of ionospher ic  l a t i t u d e .  
c a s e s  t h e  t h e o r e t i c a l  and exper imenta l  o r i e n t a t i o n s  were v e r y  c l o s e ,  
che  r , m . s .  d e v i a t i o n  between t h e  two o r i e n t a t i o n s  be ing  l e s s  t h a n  
seven  d e g r e e s ,  which is  n o t  cons idered  t o  b e  s i g n i f i c a n t .  
7.3 C o r r e l a t i o n  A n a l y s i s  R e s u l t s  
7 0 3 . 1  Correlogram C h a r a c t e r i s t i c s  
S i n c e  t h e  i r r e g u l a r i t y  h e i g h t s  d i s c u s s e d  i n  s e c t i o n  7 . 2  
changed s o  g r e a t l y  w i t h  s m a l l  changes i n  l a t i t u d e ,  and s i n c e  t h e  
ampl i tude  s c i n t i l l a t i o n  i n d e x  was o f t e n  observed by eye  t o  change 
s u b s t a n t i a l l y  d u r i n g  a s h o r t  s e c t i o n  of a  s a t e l l i t e  p a s s ,  t h e  
p a t t e r n s  on t h e  ground could  n o t  b e  expected t o  remain s t a t i s t i c a l l y  
s t a t i o n a r y  f o r  a n  extended p e r i o d  of t ime.  The manual method of 
d a t a  sampl ing which was employed a l s o  made t h e  t r a n s f e r r a l  of l a r g e  
amounts of d a t a  o n t o  I B M  c a r d s  i m p r a c t i c a l .  T h e r e f o r e ,  t h e  l e n g t h  
of a  d a t a  sample f o r  t h e  c o r r e l a t i o n  ; n a l y s i s  was chosen a s  1 0  t o  
1 2  seconds ,  Ten s e c t i o n s  of o s c i l l o g r s p h  r e c o r d s  were chosen which 
appeared t o  t h e  eye  t o  d i s p l a y  v a r y i n g  degrees  of s c i n t i l l a t i o n ,  
It was f e l t  t h a t  t h e s e  samples showed s u f f i c i e n t  d i v e r s i t y  t o  i n -  
d i c a t e  t h e  t y p e s  of i o n o s p h e r i c  e f f e c t s  which were o c c u r r i n g .  
On a n a l y s i s ,  one of t h e  d a t a  s e c t i o n s  y i e l d e d  a  maximum 
c v o s s c o r r e l a t i o n  i n  ampl i tude  between any p a i r  of s t a t i o n s  
of l e s s  than  .5. Such low v a l u e s  of c r o s s c s r r e l a c i o n  were  p robab ly  
due t o  a very  t h i c k  i r r e g u l a r i t y  l a y e r .  S i n c e  t h e  pa ramete rs  o f  
such a  l a y e r  could  n o t  b e  expected t o  b e  o b t a i n e d  from t h e  a n a l y s i s  
which was b e i n g  employed, t h i s  d a t a  s e c t i o n  was d i s c a r d e d .  The 
remaining d a t a  s e c t i o n s  a r e  i d e n t i f i e d  i n  Tab le  11, where t h e  t imes  
g iven  r e f e r  t o  t h e  t i m e  a t  t h e  middle  of t h e  d a t a  s e c t i o n .  I n  
t h i s  T a b l e ,  pmax 
, 2 and 'max I., 3  a r e  t h e  maximum v a l u e s  of t h e  
c r o s s c o r r e l a t i o n s  i n  ampl i tude  between s t a t i o n s  one  and two and one 
and t h r e e  r e s p e c t i v e l y .  S i s  t h e  ampl i tude  s c i n t i l l a t i o n  i n d e x  
a 
d e f i n e d  i n  e q u a t i o n  2.16. 
The exper imenta l  ampl i tude  and phase  c o r r e l a t i o n  f u n c t i o n s  
were f i t t e d  w i t h  t h e o r e t i c a l  c u r v e s  a s  d e s c r i b e d  i n  Chapter  V I .  
The ampl i tude  a u t o c o r r e l a t i o n  and c r o s s c o r r e l a t i o n s  were f i t t e d  
w i t h  Gaussian forms w i t h  ze ro  and nonzero mean v a l u e s  r e s p e c t i v e l y ,  
The phase  d i f f e r e n c e  a u t o c o r r e l a ~ i o n s ,  
P@d 
were  f i t t e d  w i t h  t h a t  
t h e o r e t i c a l  form of p  g iven  i n  e q u a t i o n  4.37 which was p e r t i n e n t  
@d 
t o  a Gaussian form f o r  p  I n  g e n e r a l ,  i t  was found t h a t  t h e  f i t s  @ ' 
f o r  t h e  ampl i tude  c o r r e l a t i o n s  were good f o r  v a l u e s  of e x p e r i -  
menta l  c o r r e l a t i o n  h i g h e r  t h a n  about  , 3 .  The f i t s  t o  t h e  phase  
d i f f e r e n c e  a u t o c o r r e l a t i o n s  were n o t  q u i t e  s o  good, b u t  were  
s a t i s f a c t o r y  f o r  v a l u e s  of phase  d i f f e r e n c e  a u t o e o r r e l a t i o n  g r e a t e r  
t h a n  about  .5.  T y p i c a l  examples of t h e  exper imenta l  and f i t t e d  
t h e o r e t i c a l  c u r v e s  a r e  shown i n  F i g u r e s  7 . 8  through 7.10. 
7 ,3 .2  Ground P a t t e r n  C h a r a c t e r i s t i c s  
Once t h e  e q u i v a l e n t  pa ramete rs  of t h e  ground p a t t e r n s  had 
been o b t a i n e d ,  t h e  s i z e s  and o r i e n t a t i o n s  of t h e  ground p a t t e r n s  
deduced from e q u a t i o n s  4 0 1 3  through 4.15,  4.38,  and 4.42. The 
v a l u e s  of mean s q u a r e  phase  d e v i a t i o n ,  
4 0  , 
could b e  o b t a i n e d  from 
Table 11. Amplitude Crosscorrelations and Scintillation Indexes. 
Data Pass 
Section Number 
Number 
Time 
(EST) 
p max 1-2 p max 1-3 
a 



e q u a t i o n  4.36 .  S i n c e  t h e  phase  a n a l y s i s  depended on a  one dimen- 
s i o n a l  approx imat ion  t o  t h e  ground phase  p a t t e r n ,  it i s  of i n t e r e s t  
t o  o b t a i n  t h e  ampl i tude  p a t t e r n  o r i e n t a t i o n s  and minor a x i s  s c a l e s  
from t h e  one dimensional s i m i l a r  f a d e s  a n a l y s i s .  
For t h i s  purpose ,  s e v e r a l  s e t s  of t ime l a g s  between s i m i l a r  
f e a t u r e s  were o b t a i n e d  from each  1 0  t o  1 2  second s e c t i o n  of record  
t o  which t h e  c o r r e l a t i o n  a n a l y s i s  had been a p p l i e d .  A v a l u e  of V 
g 
w a s  o b t a i n e d  from each s e t  of t ime  l a g s  w i t h  e q u a t i o n  4 . 3 3 ,  These 
v a l u e s  were  t h e n  averaged t o  y i e l d  average  v a l u e s  of p a t t e r n  d r i f t  
v e l o c i t y  f o r  each 1 0  t o  12 second p e r i o d ,  The s c a l e  s i z e s  i n  t ime  
of t h e  a u t o c o r r e P a t i o n s  o b t a i n e d  a t  s t a t i o n  one from t h e  c o r r e l a -  
t i o n  a n a l y s i s  were t h e n  conver ted  i n t o  s c a l e  s i z e s  i n  d i s t a n c e  by 
m u l t i p l y i n g  by t h e  average  v a l u e s  of d r i f t  v e l o c i t y  d i s c u s s e d  above,  
S i m i l a r l y ,  average  v a l u e s  of p a t t e r n  o r i e n t a t i o n  were computed 
from t h e  observed t ime l a g s  and e q u a t i o n  4 , 3 2 ,  These v a l u e s  were  
used t o  conver t  t h e  s c a l e s  o b t a i n e d  above i n r o  s c a l e s  a long  t h e  
d i r e c t i o n  t r a n s v e r s e  izo t h a t  o f  p a t t e r n  e l o n g a t i o n ,  
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  g iven  i n  T a b l e s  I11 
and 1V. A l l  a n g l e s  i n  T a b l e  I V  a r e  measured from l o c a l  e a s t .  The 
t h e c r e t i c a l  o r i e n t s c i o n s  i n  T a b l e  I V  were o b t a i n e d  by d e t e r m i n i n g  
che o r i e n t a t i o n s  of t h e  ma3or a x e s  of t h e  e l l i p s e s  determined by 
e q u a t i o n  3.42 f o r  an  i r r e g u l a r i t y  e longa ted  by a f a c t o r  o f  1 0  a long  
t h e  d i r e c t i o n  of t h e  E a r t h ' s  magnet ic  f i e l d .  The good agreement 
o b t a i n e d  between r h e  ampl i tude  p a t t e r n  pa ramete rs  deduced f rom t h e  
two dimensional  f u l l  c o r r e l a r i o n  a n a l y s e s  and t h e  pa ramete rs  
Table 111. Ground Sca le  S i zes  and Phase Deviat ions 
Data Amplitude Measurements Phase Measurements 
Sec t ion  Major Axis Minor Axis Minor Axis Minor Axis RMS 
Number Sca le  Sca le  Sca le  Sca le  Phase 
(Corre la t ion  (Corre la t ion  (Similar  Deviat ion 
Analysi  s )  Analysis)  Fades) 
km km km km rad ians  
- - -- 
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obtained from t h e  one dimensional s i m i l a r  fades  approach provides 
j u s t i f i c a t i o n  f o r  t h e  a n a l y s i s  used f o r  t h e  phase p a t t e r n .  Except 
f o r  d a t a  s e c t i o n s  6 and 8,  t h e  agreement between t h e  o r i e n t a t i o n s  
of t he  ampli tude and phase p a t t e r n s  shows t h a t  t h e  amplitude and 
phase e f f e c t s  a r e  both due t o  f i e l d  a l igned  i r r e g u l a r i t i e s .  
Unfortunately,  no r e a l  va lue  of p a t t e r n  o r i e n t a t i o n  could be  
obtained from t h e  d a t a  of s e c t i o n  8 ,  and s o  t h e  phase s c a l e  s i z e  
given f o r  t h i s  d a t a  s e c t i o n  is  measured along t h e  1-2 base l ine .  I t  
w i l l  be  noted t h a t  i n  both s e c t i o n s  6 and 8 ,  t h e  t h e o r e t i c a l  p a t t e r n  
o r f e n t a t i o n  i s  nea r ly  p a r a l l e l  t o  t h e  1 -2  b a s e l i n e .  Under t h e s e  
circumstances the  mean square  va lues  of phase d i f f e r e n c e  obtained 
on t h i s  base l ine  w i l l  b e  very smal l ,  and any n o i s e  i n  t h e  system 
would tend t o  have a  l a r g e  e f f e c t .  A reduct ion  of s i g n a l  coherence, 
and consequently,  s c a l e  s i z e ,  a long t h e  1-2 b a s e l i n e  coupled with a  
l a r g e  va lue  of mean square  phase d i f f e r e n c e  along t h e  1-3 b a s e l i n e  
would y i e l d  imaginary va lues  s f  f i e l d  o r i e n t a t i o n  a s  a c t u a l l y  
occurred f o r  d a t a  s e c t i o n  6 ,  
I f  t h e  i r r e g u l a r i t i e s  r e spons ib l e  f o r  t h e  phase e f f e c t s  were 
a t  a  cons iderably  d i f f e r e n t  he igh t  than those  causing the  amplitude 
e f f e c t s ,  t he  ground v e l o c i t y  used t o  convert  t h e  phase measurements 
from u n i t s  of time t o  u n i t s  of d i s t a n c e  would b e  i n c o r r e c t  and 
could cause d i sc repanc ie s  i n  t h e  r e s u l t s  t o  occur.  However, when 
the  e f f e c t  of t h e  p o i n t  source magni f ica t ion  is  considered,  t h i s  
e f f e c t  i s  minimal and a  he igh t  d i f f e r e n c e  of more than 200 k i lometers  
would be  necessary t o  y i e l d  f i e l d  alignment from t h e  d a t a  obtained 
from d a t a  s e c t i o n  8 ,  H o r i z o n t a l  g r a d i e n t s  i n  t h e  ambient i o n i z a t i o n  
o r  non f i e l d  a l i g n e d  i r r e g u l a r i t i e s ,  p o s s i b l y  a t  D r e g i o n  h e i g h t s ,  
cou ld  a l s o  b e  r e s p o n s i b l e  f o r  d i s c r e p a n c i e s  i n  t h e  o r i e n t a t i o n  o f  
t h e  phase  p a t t e r n ,  and y e t  n o t  e f f e c t  t h e  ampl i tude  p a t t e r n  
apprecf  a b l y .  
7 , 2 , 3  I o n o s p h e r i c  Parameters  
To c o n v e r t  t h e  ground s c a l e  s i z e s  i n t o  i o n o s p h e r i c  s i z e s ,  
t h e  average  h e i g h t  of t h e  i r r e g u l a r i t y  l a y e r  must b e  known. Although 
t h i s  can  b e  o b t a i n e d  from t h e  similar f a d e s  a n a l y s i s ,  i t  i s  of  
i n t e r e s t  t o  o b t a i n  t h e  l a y e r  h e i g h t  d i r e c t l y  from v a l u e s  of V 
g 
o b t a i n e d  from t h e  c o r r e l a t i o n  a n a l y s i s  s i n c e  t h e s e  v a l u e s  may 
d x f f e r  somewhat from v a l u e s  of V o b t a i n e d  f rom t h e  similar f a d e s  
g 
a n a l y s i s  when t h e  l a y e r  i s  very t h i c k .  As d i s c u s s e d  i n  Chapter  V I ,  
e q u a t i o n  4 ,16 i s  h i g h l y  i n a c c u r a t e  f o r  a n  e longa ted  ground p a t t e r n ,  
and V i s  o b t a i n e d  i n s t e a d  f r s m  e q u a t i o n  4 ,18  and a knowledge of 
I: 
t he  p a t t e r n  o r i e n t a t i o n ,  With t h e  average  l a y e r  h e i g h t  known, t h e  
c o r r e c t i o n s  f o r  t h e  o b l i q u e  i n c i d e n c e  of t h e  i n c i d e n t  wave and 
t h e  f i n i t e  d i s t a n c e  o f  t h e  s o u r c e  f r s m  t h e  l a y e r  which were  
developed i n  s e c t i o n  3 ,42 of Chapter  111 may b e  a p p l i e d  t o  y i e l d  
a p p a r e n t  i o n a s p h e r i c  s c a l e  s i z e s .  
The l a y e r  t h i c k n e s s  as o b t a i n e d  by t h e  James (1962) method 
can b e  o b t a i n e d  from a knowledge of t h e  c h a r a c t e r i s t i c  random 
v e l o c i t y ,  V through equacion 4 , 2 l .  S i n c e  t h e  1-2 b a s e l i n e  i s  
c' 
a lmos t  p a r a l l e l  w i t h  t h e  s a t e l l i t e  c r a c k ,  e q u a t i o n  4,20 p r o v i d e s  
a  more a c c u r a t e  v a l u e  f o r  V t h a n  does  e q u a t i o n  4 , 1 9 ,  
C 
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  g iven  i n  Tab le  V.  
The l a y e r  Lhickness is  d e f i n e d  a s  4At, A t  b e i n g  .704 s t a n d a r d  
d e v i a t i o n s  of t h e  i r r e g u l a r i t y  h e i g h t  d i s t r i b u t i o n  which i s  assumed 
t o  b e  Gaussian as d e f i n e d  i n  connec t ion  w i t h  e q u a t i o n  4 .21,  S i n c e  
t h e  t r u e  p a t t e r n  d r i f t  v e l o c i t y  as measured by t h e  c o r r e l a t i o n  
a n a l y s i s  i s  e q u a l  s o  t h e  d i f f e r e n c e  of t h e  s q u a r e s  o f  t h e  d r i f t  
v e l o c i t y  a s  measuned by t h e  similar f a d e s  method and t h e  charac-  
t e r i s t i c  random v e l o c i t y  (Br iggs ,  19683, a  300 km t h i c k  l a y e r  w i t h  
average  h e i g h t  o f  500 km would y i e l d  a d i f f e r e n c e  i n  h e i g h t  o f  
on ly  1 k i l o m e t e r  between t h e  f u l l  c o r r e L a t i o n  and similar f a d e s  
methods, The d i f f e r e n c e s  a z t u a l l y  observed a r e  t h e r e f o r e  p robab ly  
due t o  t h e  f a c t  t h a t  t h e  c o r r e l a t i o n  t echn ique  p rov ides  a b e t t e r  
r e p r e s e n t a t i o n  o f  t h e  average  behav ior  o f  t h e  p a t t e r n  throughout  
a  l o n g  t ime  i n t e r v a l  t h a n  does t h e  similar f a d e s  t e c h n i q u e ,  which 
e s s e n t i a l l y  l o o k s  a t  on ly  a few of ~ h e  l a r g e r  p a t t e r n  f e a t u r e s .  
It s h o u l d  b e  a g a i n  p o i n t e d  a u t  t h a t  t h e  v a l u e s  of i o n o s p h e r i c  
s c a l e  s i z e  o b t a i n e d  from t h e  ampl i tude  p a t t e r n  may n o t  correspond 
t o  t h e  a c t u a l  s i z e  of any ~ r r e g u l a r i t y  due t o  t h e  e f f e c t s  of t h e  
s p a t i a l  f i l t e r i n g  o f  the  d r f f r a c t i o n  p m e e s s  i n  t h e  n e a r  f i e l d ,  
and t h e  l a r g e  v a l u e s  of i o n o s p h e r i c  phase  d e v i a t i o n  which e x i s t .  
I f  Che r a y  o p t i c a l  appcaxfmatioa ho'ds, t h e  phase  s c a l e  s i z e s  
would b e  expected t o  b e  r e p r e s e n t a t i v e  o f  a c t u a l  i o n o s p h e r i c  para- 
m e t e r s ,  However, t h e  l a r g e  v a l u e s  of s e l n t i l l a t i o n  index  observed 
i n  d a t a  s e c t i o n s  3 and 4 ,  and t h e  comparatave%y s m a l l  change i n  t h e  
s c a l e  s i z e s  observed on r h e  ground as compared t o  t h e  l a r g e  d i f -  
f e r e n c e  i n  phase  d e v i a t i o n s  e v i d e n t  between these s e c t i o n s  and 
Table V.  I r r e g u l a r i t y  Parameters 
Data Amplitude Measurements Phase 
Sec t ion  Geocentr ic  Geocentric Layer I r r e g u l a r i t y  Minor Measure- 
Number Hei ght Height Thickness Elongation Axis men t 
(Corre la t ion  (Similar  Sca l e  Minor 
Analysis)  Fades) Sca le  
* Size  along 1-2 b a s e l i n e  d i r e c t i o n .  
t h e  cor responding  s e c t i o n s  2 and 5 o b t a i n e d  l a t e r  i n  t h e  two respec-  
t i v e  p a s s e s  i n d i c a t e s  t h a t  t h e  r a y  o p t i c a l  approximat ion probably  
d i d  n o t  ho ld  d u r i n g  t h e s e  two p e r i o d s ,  and t h e  r e s u l t i n g  s c a l e  
s i z e s  and phase  d e v i a t i o n s  must b e  c o n s i d e r e d  a s  minimum v a l u e s  o n l y .  
The r e l a t i v e l y  s m a l l  v a l u e s  o f  S  4 0 ,  and minor a x i s  s c a l e  
a  ' 
s i z e  f o r  d a t a  s e c t i o n  6  s u g g e s t  t h a t  t h i s  d a t a  s e c t i o n  may b e  
amenable t o  e x a c t  a n a l y s i s  w i t h  t h e  s m a l l  phase  d e v i a t i o n  t h e o r y .  
I f  t h e  t h e o r e t i c a l ,  r a t h e r  t h a n  t h e  exper imenta l  d i r e c t i o n  of 
o r i e n t a t i o n  is  employed, t h e  s c a l e  s i z e  o f  t h e  ground phase  p a t t e r n  
a l o n g  t h e  minor a x i s  d i r e c t i o n  becomes .69 km. I f  t h e  Gaussian 
form o f  i o n o s p h e r i c  phase  a u t o c o r r e l a t i o n  i s  assumed t o  h o l d  and 
t h e  two d imens iona l  small phase  d e v i a t i o n  a n a l y s i s  of Bowhill  (1961) 
i s  a p p l i e d ,  i t  is  found t h a t  a n  i r r e g u l a r i t y  c h a r a c t e r i z e d  by a  
minor a x i s  s c a l e  of .39 km and a major  a x i s  s c a l e  o f  8.8 km g i v e s  
c l o s e s t  agreement w i t h  t h e  observed d a t a .  Such an  i r r e g u l a r i t y  
would produce a n  ampl i tude  p a t t e r n  on t h e  ground of  s c a l e  .62 by 
2 , 6  km a f t e r  c o r r e c t i o n  f o r  d i f f r a c t i v e  p o i n t  s o u r c e ,  and z e n i t h  
a n g l e  e f f e c t s .  The ampl i tude  s c i n t i l l a t i o n  i n d e x  computed from t h e  
observed v a l u e  o f  4 would b e  .22.  The phase  p a t t e r n  would have 
0 
a  minor a x i s  s c a l e  on t h e  ground of -67 km. 
When t h e s e  v a l u e s  are compared t o  t h e  v a l u e s  a c t u a l l y  
o b t a i n e d  of .61 by 2 . 1  km f o r  t h e  s c a l e  s i z e  i n  ampl i tude ,  .22  f o r  
S  , and .69 km f o r  t h e  s c a l e  s i z e  i n  phase ,  i t  is  s e e n  t h a t  t h e  agree -  
a 
ment i s  good and t h a t  i f  t h e  d i sc repancy  i n  o r i e n t a t i o n  is  i g n o r e d ,  
it does appear t h a t  i n  t h i s  ca se  t h e  smal l  phase d e v i a t i o n  t heo ry  
adequately desc r ibes  t h e  d i f f r a c t i o n  p a t t e r n s  of both ampli tude 
and phase. 
However, t h e  l a r g e  v a r i a t i o n s  between t h e  experimental  
s i z e s  of t h e  ampli tude and phase p a t t e r n s  observed f o r  t h e  o t h e r  
d a t a  samples impl ies  t h a t  t h e  u sua l  theory of a  uniform l a y e r  of 
i r r e g u l a r i t i e s  wi th  Gaussian c o r r e l a t i o n  of ionospher ic  phase may 
b e  somewhat ove r s imp l i f i ed .  The p i c t u r e  which emerges from t h e  
r e s u l t s  of t h i s  experiment is  t h a t  of an i r r e g u l a r i t y  l a y e r  of 
varying th i cknes s ,  o f t e n  t h i n  l o c a l l y ,  b u t  of l a r g e  he igh t  e x t e n t  
when measured over  hundreds of k i lometers  h o r i z o n t a l l y .  The a c t u a l  
r e l a t i o n  between t h e  ampli tude and phase s c a l e  s i z e s  observed 
depends on t h e  a c t u a l  ionospher ic  phase d e v i a t i o n ,  and on t h e  
a c t u a l  form of t h e  d i s t r i b u t i o n  of i r r e g u l a r i t y  s i z e s .  Espec i a l l y  
important  a r e  t h e  t a i l s  of t h e  s i z e  d i s t r i b u t i o n  where t h e  i r r e g -  
u l a r i t y  s i z e s  most l i k e l y  t o  i n f luence  t h e  ampli tude p a t t e r n  a r e  
seen. Unfor tuna te ly ,  t h e  form of t h e  d i s t r i b u t i o n  is  u n l i k e l y  t o  
be  t r u l y  Gaussian over  t h e  whole range of s c a l e  s i z e s ,  a l though 
t h e  p a t t e r n s  produced by t h e  i r r e g u l a r i t i e s  appear t o  have Gaussian 
correlograms f o r  l a r g e  va lues  of c o r r e l a t i o n ,  
T 0 4  D i f f e r e n t i a l  Doppler Resul t s  
Since t h e  r e s u l t s  of t h e  c o r r e l a t i o n  a n a l y s i s  imply t h a t  
l a r g e  i r r e g u l a r i t i e s  a r e  important i n  producing t h e  phase p a t t e r n ,  
and t h a t  t h e  t o t a l  phase dev ia t i on  due t o  t h e  i r r e g u l a r i t i e s  
r e a c h e s  h i g h  v a l u e s ,  i t  i s  of i n t e r e s t  t o  l o o k  a t  d i f f e r e n t i a l  
Doppler d a t a  a v a i l a b l e  f o r  t h e  same t ime  p e r i o d s  a s  t h o s e  used 
f o r  t h e  c o r r e l a t i o n  a n a l y s i s .  To a s c e r t a i n  t h e  e f f e c t  of low 
f requency  terms i n  t h e  spectrum 40 seconds  was chosen a s  a  s u i t a b l e  
d a t a  l e n g t h ,  even though i t  was u n l i k e l y  t h a t  t h e  phase  s t a t i s t i c s  
were  comple te ly  s t a t i o n a r y  throughout  t h i s  t ime  i n t e r v a l .  Unfor- 
t u n a t e l y ,  i t  i s  on ly  p o s s i b l e  t o  o b t a i n  a c c u r a t e  v a l u e s  of phase  
d i f f e r e n c e  from t h e  r e c o r d s  produced by t h e  h i g h  speed phase  
comparator  i f  t h e  20 MHz s i g n a l s  a r e  of s u f f i c i e n t  s t r e n g t h ,  and 
i f  t h e  s c i n t i l l a t i o n  i s  n o t  s o  s e v e r e  as t o  o b l i t e r a t e  t h e  quas i -  
p e r i o d i c  phase  changes due t o  t h e  e f f e c t s  of t h e  ambient ionosphere .  
It i s  a l s o  d e s i r a b l e  t h a t  t h e  p e r i o d  of t h e  phase  changes due  t o  
t h e  ambient ionosphere  b e  f a i r l y  slow. 
It was found t h a t  t h e  40 second i n t e r v a l s  encompassing d a t a  
s e c t i o n s  2  and 8 b e s t  met t h e s e  requ i rements .  The d a t a  was passed 
through t h e  h i g h  speed phase  comparator ,  and t h e  o u t p u t  sampled a t  
a  r a t e  of PO samples p e r  second,  To minimize t h e  v a r i a t i o n  i n  phase  
d i f f e r e n c e  due t o  t h e  v a r y i n g  p o s i t i o n  of t h e  s a t e l l i t e  throughout  
t h e  d a t a  i n t e r v a l ,  a second d e g r e e  polynomial was f i t t e d  t o ,  and 
s u b t r a c t e d  from t h e  d a t a .  Th i s  had t h e  e f f e c t  of f i l t e r i n g  o u t  
a l l  phase  v a r i a t i o n s  of l e s s  t h a n  1 / 4 0  Hz. The r e s u l t i n g  d a t a  were  
expressed  i n  terms of r a d i a n s  a t  40 MHz and s p e c t r a l l y  ana lyzed  a s  
d e s c r i b e d  i n  Chapter V I .  
The r e s u l t i n g  s p e c t r a  a r e  shown i n  F i g u r e s  7 .11  and 7 .12.  
For a  comparison,  t h e  ampl i tude  s p e c t r a  of t h e  12 second d a t a  
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7.12. Phase  power spec t rum f o r  p a s s  18523, 1 9  June  1968,  
0108:50 EST. 
s e c t i o n s  t a k e n  from t h e  same p o r t i o n  of t h e  p a s s e s  a r e  shown i n  
F i g u r e s  7.13 and 7.14. To make t h e  Doppler r e s u l t s  more d i r e c t l y  
comparable t o  t h e  c o r r e l a t i o n  r e s u l t s ,  a  l i n e a r  t e r m  of 1 0  second 
l e n g t h  was "run" through t h e  40 second d a t a  s e c t i o n s  i n  t h e  manner 
d e s c r i b e d  i n  s e c t i o n  6.2 of Chapter  V I  s o  a s  t o  f i l t e r  o u t  f r e -  
q u e n c i e s  lower t h a n  1 /10  Hz. The r e s u l t i n g  d a t a  was a u t o c o r r e l a t e d  
and t h e  r e s u l t i n g  a u t o c o r r e l a t i o n  f u n c t i o n s  a r e  compared i n  
F i g u r e s  7.15 and 7.16 t o  t h e  ampl i tude  a u t o c o r r e l a t i o n  f u n c t i o n s  
d e r i v e d  i n  t h e  c o r r e l a t i o n  a n a l y s i s .  These r e s u l t s  c l e a r l y  show 
t h a t  t h e  phase  p a t t e r n s  c o n t a i n  c o n s i d e r a b l y  more low f requency  
components t h a n  do t h e  ampl i tude  p a t t e r n s .  
The au tocor re lograms  of phase  may b e  conver ted  from c o r r e -  
l a t i o n s  v e r s u s  t ime  t o  t h o s e  v e r s u s  d i s t a n c e  by m u l t i p l y i n g  t h e  
t i m e  s c a l e s  by t h e  a p p r o p r i a t e  ground v e l o c i t i e s .  I f  t h i s  i s  done,  
and t h e  au tocor re lograms  are f i t t e d  w i t h  e q u i v a l e n t  Gaussian 
f u n c t i o n s ,  t h e  r e s u l t i n g  s c a l e  s i z e s  may b e  compared t o  t h o s e  
deduced from t h e  spaced r e c e i v e r  exper iment .  A f t e r  c o r r e c t i o n  f o r  
t h e  f i n i t e  d i s t a n c e  o f  t h e  s o u r c e ,  t h e  Doppler r e s u l t s  y i e l d e d  
i o n o s p h e r i c  minor a x i s  s i z e s  of 2.74 and 3.47 km compared t o  t h e  
spaced r e c e i v e r  r e s u l t s  of 1 . 7 4  and 2.93 km. The r . m . s .  v a l u e s  
of phase  d e v i a t i o n ,  $ , o b t a i n e d  from t h e  Doppler r e s u l t s  were  
0 
. 53  and 3.62 r a d i a n s  compared t o  t h e  v a l u e s  .72 and 2.98 r a d i a n s  
of t h e  spaced r e c e i v e r  a n a l y s i s .  
The l a r g e r  v a l u e s  o b t a i n e d  from t h e  Doppler d a t a  a r e  
p robab ly  due t o  t h e  i m p e r f e c t  removal of z e n i t h  a n g l e  and o t h e r  
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Figure 7.13. Amplitude power spectrum for pass 18141, 22 May 1968, 
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Figure 7.15. Amplitude and phase autocorrelegrams for pass 18141, 22 May 1968, 0559 EST. 

l a r g e  s c a l e  v a r i a t i o n s  which have l i t t l e  e f f e c t  on t h e  spaced 
r e c e i v e r  experiment due t o  t h e  f i l t e r i n g  a c t i o n  of t he  r e l a t i v e l y  
s m a l l  b a s e l i n e  employed. The n o n s t a t i o n a r i t y  of the  d a t a  may a l s o  
be  involved.  Nevertheless  i t  i s  c l e a r  t h a t  t h e  phase spectrums 
a r e  predominately concent ra ted  a t  t h e  very low f requencies  and 
reach h igh  va lues  t he re .  I f  t h e  phase s p e c t r a  of t h e  i n t e r v a l s  
inc luding  d a t a  s e c t i o n s  2  and 9 a r e  compared, i t  is seen t h a t  t h e  
spectrum of s e c t i o n  9 has a  l a r g e r  r a t i o  of low t o  high f r equenc ie s  
than  i n  s e c t i o n  2, and t h e s e  low f requencies  r ep re sen t  a  much h igher  
phase dev ia t ion .  Therefore,  i f  t h e  d i f f e r e n c e  between t h e  ampli tude 
and phase s c a l e  s i z e s  obtained from t h e  c o r r e l a t i o n  a n a l y s i s  i s  due 
t o  a  h igh  va lue  of phase dev ia t ion ,  and a  d i f f e r i n g  s p e c t r a l  d i s -  
t r i b u t i o n  of i r r e g u l a r i t y  s i z e s ,  i t  would be  expected t h a t  t h e  
r a t i o  of s i z e s  would be much l a r g e r  f o r  s e c t i o n  9 than f o r  s e c t i o n  2. 
I n  f a c t  such i s  seen t o  be t h e  c a s e  wi th  the  r a t i o s  being 11.7 and 
4.2 r e s p e c t i v e l y .  
V I I I .  DISCUSSION AND CONCLUSIONS 
8 . 1  I n t r o d u c t i o n  
I n  t h i s  c h a p t e r ,  a comparison is  made between t h e  r e s u l t s  
o b t a i n e d  i n  t h i s  s t u d y  and t h o s e  ob ta ined  by o t h e r s .  Some s o u r c e s  
of e r r o r  which have n o t  been cons idered  p r e v i o u s l y  a r e  d i s c u s s e d .  
The f i n d i n g s  of t h e  s t u d y  a r e  summarized, and t h e  c o n c l u s i o n s  of 
t h e  s t u d y  a r e  d i s c u s s e d .  Sugges t ions  f o r  f u r t h e r  work a r e  p r e s e n t e d .  
8.2 Comparisons w i t h  Other  Work 
8 . 2 . 1  Amplitude P a t t e r n  Measurements 
Hewish (1952) a t  Cambridge, England i n  l a t e  1951 and e a r l y  
1952 e s t i m a t e d  t h e  a v e r a g e  i r r e g u l a r i t y  h e i g h t  a t  400 km, and t h e  
i o n o s p h e r i c  s c a l e  s i z e s  f rom b o t h  ampl i tude  and phase  measurements 
as s l i g h t l y  under 1 km. Kent (1959) o b t a i n e d  minimum h e i g h t s  of 
275 t o  400 km and a m p l i t u d e  s c a l e  s i z e s  of approximately  - 5  km a t  
Cambridge i n  1959. I n  1961  DeBarber and Ross (1966) o b t a i n e d  
average  h e i g h t s  of 350 t o  540 km a t  S t a t e  Col lege ,  Pa. They 
e s t i m a t e d  t h e  l a y e r  t h i c k n e s s  a s  computed by t h e  James (1962) 
method a t  approx imate ly  90 km and o b t a i n e d  i o n o s p h e r i c  s c a l e  
s i z e s  of approximately  . 5  by 1 0  km when t h e i r  c o r r e c t i o n  f o r  t h e  
d i f f r a c t i v e  s p a t i a l  f i l t e r i n g  e f f e c t s  i s  ignored .  
I n  1963, J e s p e r s e n  and Kamas (1964) o b t a i n e d  h e i g h t s  between 
250 and 400 km a t  Boulder ,  Coloardo.  The t r a n s v e r s e  s c a l e  s i z e s  
were found t o  b e  on t h e  order  of 1 km. The average i r r e g u l a r i t y  
he igh t s  were found t o  vary apprec iab ly  dur ing  a  s i n g l e  pass  i n  about 
one t h i r d  of t h e  passes  s tud ied .  The l a y e r  th ickness  a s  determined 
by t h e  James method was found t o  vary  from 120 t o  470 km, wi th  t h e  
average th ickness  being 184 km. 
A t  Urbana, I l l i n o i s ,  McClure and Swenson (1964) obtained 
e s s e n t i a l l y  t h e  same r e s u l t s  during 1963 f o r  t h e  i r r e g u l a r i t y  
he igh t s  and he igh t  v a r i a t i o n s .  They obtained a  somewhat smal le r  
spread of l a y e r  th icknesses ,  however, t h e  range of va lues  be ing  
50 t o  185 km. They pointed out  t h a t  t hese  e s t ima te s  should be 
more r e l i a b l e  than  those  of Jespersen  and Kamas s i n c e  t h e i r  s t a t i o n  
spacing was a  f a c t o r  of 20 g r e a t e r .  I n  May and June of 1967 Liszka 
(1968) r epo r t ed  he igh t s  of approximately 600 km a t  Sagamore H i l l ,  
Massachusetts and a t  Athens, Greece. The d a t a  exhib i ted  cons iderable  
s c a t t e r  and ind ica t ed  t h a t  t h e  he ight  s t r u c t u r e  was very complicated 
and could n o t  be  represented  a s  a  l aye r  of uniform average he igh t .  
Liszka a l s o  repor ted  t h a t  s i m i l a r  measurements a t  t he  same l o c a t i o n s  
obtained i n  1965 y ie lded  average he igh t s  100 t o  200 km lower. 
I n  t h e  a u r o r a l  zone, Basler  and Dewitt (1962) obtained 
he igh t s  ranging from 250 t o  1000 km i n  1959. I n  1960 Frihagen (1963) 
obta ined  h e i g h t s  ramging from 200 t o  600 km and he ight  spreads of 
over  200 km i n  a  s i n g l e  pass .  The p e r t i n e n t  i r r e g u l a r i t i e s  were . 6  
by 1 . 8  km, b u t  t he  s i z e  es t imates  were very  approximate. Liszka 
(1963) obta ined  he igh t s  from 200 t o  over 800 km i n  1962 wi th  h e i g h t  
v a r i a t i o n s  i n  a  s i n g l e  pass of over 400 km no t  being uncommon. He 
est imated t h e  ionospheric  s c a l e s  a t  .7 by 10 km. 
8 . 2 . 2  Magnitude of Phase  D e v i a t i o n s  
S i n c e  most of t h e  measurements of i r r e g u l a r i t y  c h a r a c t e r -  
i s t i c s  have c o n c e n t r a t e d  on measurements of t h e  ampl i tude  d i f f r a c t i o n  
p a t t e r n s ,  t h e  magnitudes of t h e  t o t a l  phase  d e v i a t i o n  exper ienced  
by t h e  wave i n  p r o p a g a t i n g  through t h e  i r r e g u l a r i t y  l a y e r s  are on ly  
o b t a i n e d  i n d i r e c t l y .  A l a r g e  v a l u e  of S  o r  a  Rayleigh p r o b a b i l i t y  
a  
d i s t r i b u t i o n  of r e c e i v e d  ampl i tude  can b e  t aken  a s  ev idence  of h i g h  
phase  d e v i a t i o n ,  b u t  a s  shown i n  Chapter  11, t h e  absence  of such 
e f f e c t s  does  n o t  n e c e s s a r i l y  mean t h a t  t h e  a s s o c i a t e d  phase  dev ia -  
t i o n  is  low u n l e s s  i t  i s  known t h a t  t h e  o b s e r v e r  i s  i n  t h e  f a r  f i e l d  
r e g i o n  of t h e  d i f f r a c t i o n  p a t t e r n .  At tempts  t o  de te rmine  t h e  d e g r e e  
of i r r e g u l a r i t y  phase  d e v i a t i o n  by mul t i f requency  s t u d i e s  a r e  
complicated by t h e  f a c t  t h a t  t h e  e f f e c t i v e  d i s t a n c e  of t h e  ground 
from t h e  i r r e g u l a r i t y  r e g i o n  is  a  f u n c t i o n  of f requency.  The s i z e  
of t h e  p a t t e r n  on t h e  ground would t h e n  b e  expec ted  t o  change as 
t h e  f requency was v a r i e d  even i n  t h e  c a s e  o f  s m a l l  t o t a l  i o n o s p h e r i c  
phase  d e v i a t i o n ,  u n l e s s  t h e  observer  can b e  assumed t o  b e  whol ly  
i n  t h e  n e a r  o r  f a r  f i e l d  r e g i o n s  of t h e  d i f f r a c t i o n  p r o c e s s  f o r  a l l  
f r e q u e n c i e s  be ing  employed. 
N e v e r t h e l e s s ,  t h e  small phase  e f f e c t s  observed by DeBarber, 
Chisholm, and Ross (1963) ,  t h e  s i m i l a r  forms of power s p e c t r a  
o b t a i n e d  a t  54 and 150 MHz by J e s p e r s e n  and Kamas (1964),  and t h e  
s c i n t i l l a t i o n  r a t e  s t u d i e s  o f  Yeh and Swenson (1964) ,  a l l  i n d i c a t e  
t h a t  d u r i n g  p e r i o d s  of low sunspo t  number, l a r g e  phase  d e v i a t i o n s  
a r e  r a r e l y  observed a t  f r e q u e n c i e s  of 50 MHz and above a t  m i d l a t i t u d e  
s i t e s .  I n  t h e  a u r o r a  zone,  however, i t  appears  t h a t  l a r g e r  phase  
d e v i a t i o n s  a r e  much more common. ( L i t t l e ,  Reid ,  S t i l t n e r ,  and 
M e r r i t t ,  1962; Yeh and Swenson, 1964) 
8 .2 .3  Spectrum of I r r e g u l a r i t y  S i z e s  
L i t t l e  work h a s  been done on t h e  d i r e c t  measurement of t h e  
spec t rum of i r r e g u l a r i t y  s i z e s  r e s p o n s i b l e  f o r  n i g h t  t i m e  s c i n t i l l a -  
t i o n .  I n  1957 Gruber (1961) a t  L inco ln  L a b o r a t o r i e s  employed a 
phase  swi tched  i n t e r f e r o m e t e r  t o  deduce ampl i tude  and phase  s p e c t r a  
from r a d i o  star measurements a t  50 and 200 MHz. H e  found g e n e r a l l y  
good agreement between t h e  ampl i tude  and phase  s p e c t r a .  However, 
t h e  phase  swi tched  i n t e r f e r o m e t e r  responds t o  b o t h  t h e  ampl i tude  
and phase  of t h e  r e c e i v e d  s i g n a l ,  and t h e  s e p a r a t i o n  i n t o  a m p l i t u d e  
and phase  components i s  n o t  d i r e c t .  Fur thermore,  Gruber e s t i m a t e d  
t h e  p e r t i n e n t  i r r e g u l a r i t i e s  were  o n l y  100 t o  150 km above t h e  
E a r t h ' s  s u r f a c e ,  and s o  i t  i s  p o s s i b l e  t h a t  h e  was observ ing  E r e g i o n ,  
r a t h e r  t h a n  F r e g i o n  i r r e g u l a r i t i e s .  
I n  1962, Moorcrof t  and F o r s y t h  (1963) o b t a i n e d  r e s u l t s  a t  
Saskatoon which r e v e a l e d  d i s c r e p a n c i e s  between measurements made on  
a  p a i r  of phase  swi tched  i n t e r f e r o m e t e r s  of d i f f e r e n t  an tenna  
s p a c i n g s .  They i n t e r p r e t e d  t h e s e  e f f e c t s  a s  be ing  due t o  l a r g e  
i o n o s p h e r i c  s t r u c t u r e s  which would cause  phase  s c i n t i l l a t i o n  b u t  
whose ampl i tude  p a t t e r n s  would n o t  b e  f u l l y  developed due t o  t h e  
l a r g e  s i z e  of t h e  i r r e g u l a r i t i e s  invo lved .  I n  l a t e  1964 and 
e a r l y  1965, Lans inger  (1966) o b t a i n e d  a m p l i t u d e  and phase  s p e c t r a  
a t  Col lege ,  Alaska ,  u s i n g  a phase swept i n t e r f e r o m e t e r  of improved 
d e s i g n .  Th is  i n s t r u m e n t  gave d i r e c t  r e a d i n g s  of ampl i tude  and 
phase  d i f f e r e n c e  r a t h e r  t h a n  t h e  i n d i r e c t  r e a d i n g s  of t h e  phase  
swi tched  type.  He o b t a i n e d  ampl i tude  and phase  r e s u l t s  similar 
t o  t h o s e  r e p o r t e d  i n  t h i s  s t u d y  i n  t h a t  t h e  au tocor re lograms  of 
phase  always t o o k  l o n g e r  t o  decay t h a n  d i d  t h o s e  of ampl i tude .  The 
r e s u l t i n g  phase  power s p e c t r a  were dominated by low frequency 
components. S i n c e  o n l y  two an tennas  were  employed, i t  was n o t  
p o s s i b l e  t o  t e s t  f o r  f i e l d  a l ignment  of t h e  i r r e g u l a r i t i e s  pro- 
ducing t h e  phase  p a t t e r n ,  and Lans inger  t h e r e f o r e  concluded t h a t  
t h e  phase  e f f e c t s  were  due t o  i o n o s p h e r i c  t i l t s  o r  wedges of a 
few k i l o m e t e r s  i n  s i z e ,  w h i l e  t h e  ampl i tude  e f f e c t s  were due t o  
s m a l l e r  i r r e g u l a r i t i e s  c o e x i s t i n g  w i t h  t h e  l a r g e r  s t r u c t u r e s .  
I n  l a t e  1965, Rao (1967) o b t a i n e d  a t  Urbana, I l l i n o i s ,  a  
l i n e a r  v a r i a t i o n  of i r r e g u l a r i t y  phase  power d e n s i t y  v e r s u s  
i r r e g u l a r i t y  s p a t i a l  wavelength over  t h e  range  of s p a t i a l  wave- 
l e n g t h s  of 8 t o  400 km. These r e s u l t s  were  o b t a i n e d  from a n  
a n a l y s i s  of Faraday r o t a t i o n  d a t a .  By a n  a n a l y s i s  of d i f f e r e n t i a l  
Doppler d a t a ,  P o r c e l l o  and Hughes (1969) determined t h a t  i n  t h e  
a u r o r a l  zone, t h e  i r r e g u l a r i t y  phase  power d e n s i t y  was p r o p o r t i o n a l  
t o  t h e  s p a t i a l  wavelength  r a i s e d  t o  t h e  2 .8  power over  t h e  r a n g e  
of wavelengths  of .08 t o  8 km. By comparison,  t h e  d i f f e r e n t i a l  
Doppler r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  phase  
power d e n s i t y  was approximately  p r o p o r t i o n a l  t o  t h e  s p a t i a l  wave- 
l e n g t h  r a i s e d  t o  t h e  3 . 2  power over  t h e  range  of s p a t i a l  wavelengths  
of 3 t o  30 km. 
Wagner (1962) h a s  performed a  t h e o r e t i c a l  s t u d y  of t h e  z e n i t h  
a n g l e  dependence of t h e  ampl i tude  s c i n t i l l a t i o n  i n d e x  under  t h e  
assumptions  of s m a l l  i o n o s p h e r i c  phase d e v i a t i o n ,  and a  s t a t i s t i c a l l y  
homogeneous i r r e g u l a r i t y  r e g i o n .  By comparing h i s  r e s u l t s  t o  r e c o r d s  
from Cambridge, England o b t a i n e d  i n  1952, and from C o l l e g e ,  Alaska 
i s  1962, h e  deduced t h a t  t h e  i r r e g u l a r i t y  s p a t i a l  power spec t rum 
was n e a r l y  Gaussian a t  Cafnbridge, b u t  t h a t  i t  con ta ined  more h i g h  
f requency  components t h a n  would a  Gaussian d i s t r i b u t i o n  a t  Col lege .  
H i s  d e r i v a t i o n  seems q u e s t i o n a b l e  i n  t h a t  i t  appears  t o  assume random 
phas ing  of t h e  components of t h e  a n g u l a r  spectrum even a t  s m a l l  
d i s t a n c e s  from t h e  i r r e g u l a r i t y  l a y e r ,  b u t  i t  i s  s t i l l  i n t e r e s t i n g  
i n  t h a t  i t  s u g g e s t s  t h a t  a t  l e a s t  i n  a u r o r a l  zones ,  t h e  Gaussian 
form of s i z e  spectrum may n o t  b e  v a l i d .  
8 .2 .4  D i s c u s s i o n  
It is  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i r r e g u l a r i t y  h e i g h t s  
o b t a i n e d  i n  t h i s  s t u d y  compare w e l l  t o  t h e  v a l u e s  o b t a i n e d  i n  1967 
a t  Sagamore H i l l  and Athens ,  and t h a t  a l l  t h e s e  h e i g h t s  a r e  somewhat 
h i g h e r  t h a n  t h o s e  o b t a i n e d  a t  mid l a t i t u d e  s t a t i o n s  e a r l i e r  i n  t h e  
s o l a r  c y c l e .  The complex h e i g h t  s t r u c t u r e ,  t h e  l a r g e  v a l u e s  of 
i r r e g u l a r i t y  phase  d e v i a t i o n ,  and t h e  n a t u r e  of t h e  phase  power 
s p e c t r a ,  seem t o  b e  more s u g g e s t i v e  of a u r o r a l  zone r e s u l t s ,  t h a n  
of t h o s e  observed a t  m i d l a t i t u d e  s t a t i o n s  d u r i n g  s o l a r  c y c l e  
minimum. 
The i m p l i c a t i o n  i s  t h e r e f o r e  p r e s e n t  t h a t  a t  s o l a r  c y c l e  
maximum, t h e  F r e g i o n  i r r e g u l a r i t i e s  observed a t  m i d l a t i t u d e s  may 
b e  a u r o r a l l y  r e l a t e d ,  and t h e r e f o r e  caused by p a r t i c l e  p r e c i p i -  
t a t i o n .  T h i s  v iew is upheld  by t h e  work of F o r s y t h  and Pau l son  
(1961) who s u g g e s t e d ,  as a r e s u l t  of r a d i o  s tar  measurements, 
I t  t h a t  t h e  s c i n t i l l a t i o n s  arise most s t r o n g l y  i n  r e g i o n s  of t h e  
a tmosphere  c l o s e l y  a s s o c i a t e d  w i t h  t h e  a u r o r a l  zone and t h a t  t h e s e  
r e g i o n s  m i g r a t e  southward d u r i n g  y e a r s  of i n t e n s e  sunspo t  a c t i v i t y "  
( F o r s y t h  and Paulson,  p.  502). Suppor t ing  evidence is  a l s o  found 
i n  t h e  work of Yeh, Simonich, Mawdsley, and Preddey (1968) who 
found a s i g n i f i c a n t  c r o s s c o r r e l a t i o n  between t h e  occurence of n i g h t  
t i m e  s c i n t i l l a t i o n  a t  two geomagne t ica l ly  c o n j u g a t e  s t a t i o n s .  
Aarons,  Mullen,  and Whitney (1969) have a l s o  o b t a i n e d  agreement 
between d i u r n a l  changes i n  t h e  e x t e n t  of t h e  r e g i o n  of t h e  iono- 
s p h e r e  which c a u s e s  t h e  s c i n t i l l a t i o n ,  and t h e  d i u r n a l  e x t e n t  i n  
t h e  r e g i o n  o v e r  which s o f t  p a r t i c l e  p r e c i p i t a t i o n  may b e  expec ted .  
It s h o u l d  b e  n o t e d  t h a t  t h e  i r r e g u l a r i t y  s c a l e  s i z e s  a s  o b t a i n e d  
from t h e  ampl i tude  p a t t e r n  seem t o  b e  i n  good agreement w i t h  s i z e s  
o b t a i n e d  a t  t h i s  l o c a t i o n  i n  1961 by DeBarber and Ross (1966) ,  and 
t h a t  t h e s e  s c a l e  s i z e s  are a l s o  r e p r e s e n t a t i v e  of a u r o r a l  v a l u e s .  
Th i s  i m p l i e s  t h a t  many f e a t u r e s  of t h e  ampl i tude  p a t t e r n  a r e  r e l a -  
t i v e l y  i n s e n s i t i v e  t o  s o l a r  a c t i v i t y .  T h i s  i s  probably  due t o  t h e  
f a c t  t h a t  t h e  ampl i tude  p a t t e r n  i s  n o t  as d i r e c t l y  r e l a t e d  t o  t h e  
i o n o s p h e r i c  pa ramete rs  as i s  t h e  phase  p a t t e r n .  The inadequacy of 
t h e  ampl i tude  p a t t e r n  s i z e  as a n  i n d i c a t o r  of i o n o s p h e r i c  c o n d i t i o n s  
h a s  a l s o  been d i s c u s s e d  by Moorcroft  and F o r s y t h  (1963) ,  who found 
l i t t l e  c o r r e l a t i o n  between ampl i tude  p a t t e r n  measurements and 
a u r o r a l  a c t i v i t y ,  b u t  good agreement between phase f l u c t u a t i o n s  
and a u r o r a l  and magnetic a c t i v i t y .  
8.3 Sources of E r ro r  
A major sou rce  of e r r o r  i n  t h i s  work was t h e  u s e  of t h e  ray  
o p t i c a l  approximation n e c e s s i t a t e d  by t h e  l a r g e  phase dev ia t i ons  
which appeared t o  be  p re sen t .  The magnitude of t h e  e r r o r  i n t ro -  
duced by t h i s  approximation i s  hard t o  e s t i m a t e ,  b u t  t h e  exac t  
s o l u t i o n s  ob ta ined  f o r  t h e  cos inuso ida l  s c r een  i n d i c a t e  t h a t  f o r  
ionospher ic  s c a l e s  g r e a t e r  than about 1 km, and va lues  4 less 
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than 2.5 r ad i ans ,  t h e  e r r o r s  i n  measured s c a l e  s i z e  should be  l e s s  
than 20 pe rcen t ,  and i n  t h e  measured va lue  of 4 , less than 10  per- 
0 
cen t .  If  t h e  r a y  o p t i c a l  approximation does no t  ho ld ,  t h e  s i z e  of 
t h e  phase ground p a t t e r n  w i l l  b e  l e s s  than t h e  t r u e  i r r e g u l a r i t y  
s i z e  and s o  t h e  measured va lues  of ionospher ic  s c a l e  s i z e  and phase 
d e v i a t i o n  must be  t r e a t e d  a s  minimum va lues .  
Another source  of e r r o r  which must be considered i s  t h e  
comparatively sma l l  l eng ths  of d a t a  used i n  t h e  c o r r e l a t i o n  and 
s p e c t r a l  ana lyses .  These may n o t  be t y p i c a l  of t h e  random 
phenomenon being s t u d i e d ,  and i n  t h i s  sense  may be  expected t o  
y i e l d  i r r e g u l a r i t y  parameters  which a r e  somewhat d i f f e r e n t  from 
those  of t h e  hypo the t i ca l  paren t  popula t ion  of  which they may be  
considered t o  be  members. The e r r o r s  involved i n  t h e  c o r r e l a t i o n  
ana lyses  a r e  hard t o  e s t ima te  from pure ly  experimental  d a t a ,  bu t  
numerical  c a l c u l a t i o n s  u s ing  t h e  methods suggested by Awe (1964a) 
i n d i c a t e  t h a t  t h e  s tandard  e r r o r  may be a s  l a r g e  a s  i-50 pe rcen t ,  
-35 percent ,  f o r  t h e  s c a l e s  of t h e  l a r g e s t  i r r e g u l a r i t i e s .  Blackman 
and Tukey (1958) have shown t h a t  t h e  s t a t i s t i c a l  e r r o r  a s s o c i a t e d  
wi th  a  power s p e c t r a l  e s t ima te  depends on t h e  r a t i o  of t h e  maximum 
time l a g  f o r  which t h e  a u t o c o r r e l a t i o n  i s  computed t o  t h e  t o t a l  
sample length .  For t h e  r a t i o  of 20% used i n  t h i s  s tudy ,  t h e  
probable e r r o r  a s soc i a t ed  wi th  t h e  s p e c t r a l  es t imates  i s  approxi- 
mately k1.4 dB. 
It should be pointed out  t h a t  t h e  r e s u l t s  obtained from t h e  
experimental  measurements were measures of ionospheric  condi t ions  which 
a c t u a l l y  did e x i s t .  I f  they were a t y p i c a l  i n  a  s t a t i s t i c a l  sense ,  
they neve r the l e s s  pointed ou t  d i f f e r e n t  extremes i n  ionospher ic  
behavior  which could be expected t o  occur.  Since t h e  s t a t i s t i c s  
of t he  d i f f r a c t i o n  p a t t e r n  a t  t h e  ground were non s t a t i o n a r y ,  
measurements over longer  and longer  t ime i n t e r v a l s  would n o t  y i e l d  
r e s u l t s  which approached any l i m i t i n g  va lues ,  and so  t h e  pa ren t  
popula t ion  e x i s t e d  only conceptua l ly ,  and had no phys i ca l  s i g n i -  
f i cance .  
A s  t h e  s a t e l l i t e  moved, t h e  o r i e n t a t i o n  of t h e  ground 
p a t t e r n  changed s o  t h a t  t h e  ground p a t t e r n  s t a t i s t i c s  were non 
s t a t i o n a r y  even i f  t h e  s t a t i s t i c s  of t he  i r r e g u l a r i t y  d i s t r i b u t i o n  
were s t a t i o n a r y .  For t h e  t ime i n t e r v a l 3  used i n  t h i s  s tudy ,  t h i s  
change i n  ground p a t t e r n  o r i e n t a t i o n  was always l e s s  than 8  degrees 
and t h e r e f o r e  should have l i t t l e  e f f e c t  on t h e  r e s u l t s .  The longer  
t ime i n t e r v a l s  involved i n  t h e  Doppler s t u d i e s  involved p a t t e r n  
r o t a t i o n s  of as much a s  17 degrees ,  bu t  f o r t u n a t e l y  t h e  p a t t e r n  
o r i e n t a t i o n s  were such t h a t  angular  changes of t h i s  amount repre-  
sen ted  changes of l e s s  than 5  percent  i n  t h e  p a t t e r n  s i z e s  a long 
t h e  d i r e c t i o n  of p a t t e r n  motion. 
The s imple theory used t o  d e s c r i b e  t h e  Doppler measurements 
assumed t h a t  20 and 40 MHz ray  pa ths  were co inc ident  s t r a i g h t  l i n e s  
through t h e  ionosphere.  S ince  t h e  ionospher ic  index of r e f r a c t i o n  
i s  a  f u n c t i o n  of frequency such a s  assumption i s  i n c o r r e c t .  I f  t h e  
e f f e c t s  of t h e  ~ a r t h ' s  magnetic f i e l d  a r e  ignored,  and a  p l ane  
Earth geometry is  assumed, i t  may be shown t h a t  a  pa rabo l i c  e l e c t r o n  
dens i ty  p r o f i l e  w i th  h a l f  t h i cknes s  150 km, and peak plasma frequency 
4  MHz w i l l  produce a  maximum r a y  pa th  s e p a r a t i o n  of approximately 
3 km f o r  a  s a t e l l i t e  zen i th  ang le  of 45 degrees .  I n  p r a c t i c e ,  t h e  
i r r e g u l a r i t i e s  i n  d a t a  sample 2  probably were above t h e  h e i g h t  of 
maximum e l e c t r o n  d e n s i t y ,  and t h e  t h i cknes s  of t h e  i r r e g u l a r i t y  
l a y e r  of d a t a  sample 9 was l e s s  than  300 km a s  i nd i ca t ed  from 
experimental  r e s u l t s ,  s o  t h e  a c t u a l  ray  s e p a r a t i o n  f o r  t h e  two 
d a t a  s e c t i o n s  which were analyzed may have been c l o s e r  t o  1 . 5  km. 
However, s i n c e  t h e  20 MHz s i g n a l  con t r ibu t ed  9/10 of t h e  t o t a l  
power i n  t h e  spectrum, any r a y  s e p a r a t i o n  which was p re sen t  would 
no t  be  expected t o  e f f e c t  t h e  n a t u r e  of t h e  r e s u l t s ,  a t  l e a s t  
q u a l i t a t i v e l y .  
8.4 Summary 
An experiment was performed t o  o b t a i n  t h e  c h a r a c t e r i s t i c s  
of t h e  ampli tude and phase of 40 MHz s i g n a l s  received on t h e  ground 
a f t e r  p r o p a g a t i o n  through a  l a y e r  of inhomogenei t ies  of i o n o s p h e r i c  
e l e c t r o n  d e n s i t y .  Equipment was des igned  and c o n s t r u c t e d  t o  r e c o r d  
on magnet ic  t a p e  t h e  ampl i tude  and phase  of t h e  s i g n a l s  r e c e i v e d  
from t h r e e  ground s t a t i o n s  spaced approximately  2.5 km a p a r t .  
S p e c i a l i z e d  playback equipment was b u i l t  t o  remove from t h e  r e c o r d s  
of phase  d i f f e r e n c e  between p a i r s  of s t a t i o n s  on t h e  ground t h e  
e f f e c t  of t h e  v a r y i n g  l e n g t h  of t h e  f r e e  s p a c e  d i s t a n c e  from t h e  
moving s a t e l l i t e  t o  t h e  ground s t a t i o n s .  
Measures of t h e  s i z e ,  o r i e n t a t i o n ,  and v e l o c i t y  of t h e  
ampl i tude  p a t t e r n s  on t h e  ground were  o b t a i n e d  by t h e  method 
developed by Kent and Koes te r  (1966).  C a l c u l a t i o n s  performed w i t h  
a  s i m p l i e r  one d imens iona l  a n a l y s i s  y i e l d e d  e s s e n t i a l l y  t h e  same 
r e s u l t s .  On t h e  assumption t h a t  t h e  phase  p a t t e r n  was moving 
o v e r  t h e  ground a t  t h e  same v e l o c i t y  a s  t h e  ampl i tude  p a t t e r n ,  
c h a r a c t e r i s t i c  s i z e s  o f  t h e  phase  p a t t e r n  i n  t h e  d i r e c t i o n  t r a n s -  
v e r s e  t o  i t s  e l o n g a t i o n  were  o b t a i n e d ,  and t h e  a l ignments  of t h e  
phase  p a t t e r n s  on t h e  ground were  found. These measurements of 
phase  p a t t e r n  c h a r a c t e r f s t i c s  appear  t o  be  t h e  f i r s t  t o  i n c l u d e  
t h e  a n i s o t r o p i c  shape  of t h e  phase  p a t t e r n ,  and appear  t o  b e  t h e  
f i r s t  which i n d i c a t e  t h a t  t h e  phase  ground p a t t e r n  i s  f r e q u e n t l y  
a l i g n e d  i n  t h e  same d i r e c t i o n  a s  i s  t h e  ampl i tude  p a t t e r n .  
To i n t e r p r e t  t h e s e  measurements i n  terms of i o n o s p h e r i c  
pa ramete rs ,  t h e  ampl i tude  and phase  d i f f r a c t i o n  p a t t e r n s  due  t o  
a c o s i n u s o i d a l  phase  s c r e e n  of a r b i t r a r y  phase  d e v i a t i o n  were  
computed. The e f f e c t s  of a d d i t i o n a l  s p a t i a l  components were  
c o n s i d e r e d ,  and i t  w a s  s e e n  t h a t  c l o s e  t o  t h e  s c r e e n ,  t h e  ampl i tude  
p a t t e r n  would have a  more r a p i d  s p a t i a l  v a r i a t i o n  t h a n  would t h e  
phase  p a t t e r n .  It was s e e n  t h a t  t h i s  would b e  t h e  c a s e  even f o r  a  
s c r e e n  o f  s m a l l  phase  d e v i a t i o n  due t o  t h e  f i l t e r i n g  e f f e c t  of t h e  
d i f f r a c t i o n  p r o c e s s .  Although t h i s  s i t u a t i o n  had been p r e v i o u s l y  
recognized ,  it does  n o t  p r e v i o u s l y  appear  t o  have been s u f f i c i e n t l y  
a p p r e c i a t e d .  
The r e l a t i o n s h i p  between t h e  p a t t e r n s  produced by a  p e r i o d i c  
s c r e e n  and t h o s e  produced by a s c r e e n  whose phase  f l u c t u a t i o n s  were  
a random v a r i a b l e  o f  p o s i t i o n  w a s  c o n s i d e r e d ,  and i t  was s e e n  t h a t  
c l o s e  t o  t h e  s c r e e n ,  t h e  c o n c l u s i o n s  of t h e  p e r i o d i c  a n a l y s i s  s h o u l d  
b e  a p p l i c a b l e  t o  t h e  random c a s e  s i n c e  on ly  a  l i m i t e d  p o r t i o n  of t h e  
s c r e e n  would b e  c o n t r i b u t i n g  t o  t h e  ground p a t t e r n .  It was a l s o  
s e e n  t h a t  i f  t h e  phase  d e v i a t i o n s  of t h e  i n c i d e n t  wave were produced 
n o t  by a n  i n f i n i t e l y  t h i n  s c r e e n ,  b u t  by a  t h i c k  r e g i o n  of inhomo- 
g e n e i t i e s ,  t h e  t h i n  s c r e e n  a n a l y s i s  cou ld  b e  used ,  a t  least t o  
d e s c r i b e  t h e  phase  p a t t e r n ,  i f  t h e  t h i c k n e s s  of t h e  s c r e e n  was 
s m a l l  enough s o  t h a t  l i t t l e  d i f f r a c t i o n  occur red  w i t h i n  t h e  inhomo- 
g e n e i t y  l a y e r .  The e f f e c t s  on t h e  ground p a t t e r n  of o b l i q u e  
i n c i d e n c e  and f i n i t e  s a t e l l i t e  d i s t a n c e  from t h e  s c a t t e r i n g  l a y e r  
were  d e r i v e d  i n  a  s l i g h t l y  more g e n e r a l  manner t h a n  had p r e v i o u s l y  
appeared i n  t h e  l i t e r a t u r e .  
Data c o l l e c t e d  d u r i n g  t h e  S p r i n g  of 1968 were ana lyzed  i n  
l i g h t  of t h e  t h e o r e t i c a l  r e s u l t s .  Measures of t h e  h e i g h t  and 
t h i c k n e s s  of t h e  i r r e g u l a r i t y  r e g i o n  were deduced from t h e  ampl i tude  
measurements, and a p p a r e n t  i o n o s p h e r i c  s c a l e  s i z e s  were deduced 
from b o t h  t h e  ampl i tude  and phase  measurements, 
The complicated n a t u r e  of t h e  i r r e g u l a r i t y  h e i g h t  s t r u c t u r e ,  
and t h e  h i g h  v a l u e s  of t h e  phase  d e v i a t i o n s  observed were somewhat 
unexpected i n  l i g h t  of p rev ious  m i d l a t i t u d e  measurements. The 
o b s e r v a t i o n  of f i e l d  a l i g n e d  s t r u c t u r e s  by measurements of t h e  
phase  p a t t e r n s  appears  t o  b e  t h e  f i r s t  t o  b e  r e p o r t e d  i n  t h e  
l i t e r a t u r e  and t h e  l a r g e  s c a l e s  s i z e s  i n d i c a t e d  by t h e  phase  
measurements,  a s  compared t o  t h e  s c a l e s  i n d i c a t e d  by t h e  ampl i tude  
measurements,  i n d i c a t e s  t h a t  ampl i tude  measurements a l o n e  a r e  n o t ,  
as commonly supposed,  adequa te  i n d i c a t o r s  of i o n o s p h e r i c  s t r u c t u r e .  
8.5 Conclusions  
It was concluded t h a t  t h e  i r r e g u l a r i t i e s  r e s p o n s i b l e  f o r  
n i g h t  t i m e  s c i n t f l l a t i o n  d u r i n g  t h e  Spr ing  of 1968 were  l o c a t e d  
p r i m a r i l y  a t  h e f g h t s  of 400 t o  700 km above t h e  ~ a r t h ' s  s u r f a c e .  
The h e i g h t  s t r u c t u r e  w a s  v e r y  complex. The ampl i tude  and phase  
p a t t e r n s  on r h e  ground were  b o t h  e l o n g a t e d  i n  t h e  d i r e c t i o n  which 
would be  expec ted  i f  t h e  c a u s a t i v e  i r r e g u l a r i t i e s  were e longa ted  
a long  t h e  E a r t h ' s  magnet ic  f i e l d .  The apparen t  s c a l e  of t h e  
i r r e g u l a r i t i e s  t r a n s v e r s e  t o  t h e  d i r e c t i o n  o f  e l o n g a t i o n  was 
t y p i c a l l y  2 t o  3 km. The t r a n s v e r s e  s c a l e s  deduced from t h e  
ampl i tude  measurements were t y p i c a l l y  a  f a c t o r  of f o u r  t o  seven  
t imes  s m a l l e r  t h a n  t h e  cor responding  phase  s c a l e s .  The t o t a l  
phase d e v i a t i o n  imposed on t h e  i n c i d e n t  wave by t h e  i r r e g u l a r i t y  
l a y e r  f r e q u e n t l y  exceeded one r a d i a n .  
8 . 6  Suggest ions f o r  Fu r the r  Work 
Due t o  t h e  sma l l  amount of d a t a  employed i n  t h i s  s t udy ,  t h e  
r e s u l t s  may be  r sgarded  a s  being of a  p re l iminary  n a t u r e .  Fur ther  
d a t a  should be  ob ta ined  and analyzed t o  d e t e c t  any d i u r n a l ,  s ea sona l ,  
and s o l a r  cyc l e  t r ends  which may e x i s t .  Due t o  t h e  l a r g e  amount of 
t i m e  necessary  f o r  manual d a t a  s c a l i n g ,  i t  would appear t h a t  an 
automated d a t a  handl ing  system would be  mandatory f o r  such extended 
d a t a  c o l l e c t i o n  and a n a l y s i s .  
It would be  d e s i r a b l e  t o  have a  d i f f r a c t i o n  theory which 
would g ive  phys i ca l l y  meaningful r e s u l t s  f o r  a l l  va lues  of phase 
dev ia t i on .  S ince  t h e  mathematical d i f f i c u l t i e s  involved made t h e  
development of such a  theory doub t fu l ,  a  spaced r e c e i v e r  experiment 
u t i l i z i n g  h ighe r  s a t e l l i t e  f requenc ies  i s  adv i sab l e ,  s i n c e  a t  a  
s u f f i c i e n t l y  h igh  frequency t h e  theory developed f o r  sma l l  4 
0 
could be  employed exac t ly .  
S ince  t h e  l i m i t e d  b a s e l i n e  l eng th  employed i n  t h i s  experiment 
may have suppressed l a r g e  i r r e g u l a r i t i e s ,  spaced r e c e i v e r  exper i -  
ments w i t h  even longer  b a s e l i n e s  a r e  d e s i r a b l e .  However, a s  t h e  
b a s e l i n e  l e n g t h  i s  inc reased ,  t h e  problem of main ta in ing  a  phase 
r e f e r ence  between a l l  s t a t i o n s  becomes severe .  This  problem might 
be overcome by employing d i s p e r s i v e  Doppler measurements a t  
r ece iv ing  s i t e s  spaced some d i s t a n c e  a p a r t  on t h e  ground. This 
technique would seem t o  have cons iderab le  promise i f  one of t h e  
two f requenc ies  being compared was s u f f i c i e n t l y  h igh  s o  t h a t  i t  
could be  assumed t o  t r a v e r s e  t h e  ionosphere una f f ec t ed .  The 
r e s u l t i n g  phase  d i f f e r e n c e s  would t h e n  b e  i n  terms of phase  a t  a  
s i n g l e  p o i n t  on t h e  ground and cou ld  b e  analyzed t o  o b t a i n  i r r e g u -  
l a r i t y  h e i g h t s  and l a y e r  t h i c k n e s s e s  i n  a  way e x a c t l y  analogous t o  
t h e  ampl i tude  measurements, 
A b a s i c  problem encountered i n  a t t e m p t s  t o  d e s c r i b e  t h e  
p r o p e r t i e s  of a  medium by means of measurements of i t s  e f f e c t s  on 
s i g n a l s  p r o p a g a t i n g  through i t ,  i s  t h e  q u e s t i o n  of e x a c t l y  what 
t y p e s  of r e s u l t s  a r e  r e a l i s t i c a l l y  o b t a i n a b l e  from measurements of 
i n t e g r a t e d  e f f e c t s  a t  a few p o i n t s  on t h e  ground. Model s t u d i e s  
pe rhaps  employing l a s e r  beams and d u s t  p a r t i c l e s ,  o r  a c o u s t i c a l  
waves and h o t  gases  may b e  of h e l p  i n  c l a r i f y i n g  t h i s  problem. 
S t u d i e s  w i t h  l a r g e  numbers of ground s t a t i o n s ;  such as t h o s e  of 
Br iggs  (1968) a r e  a l s o  n e c e s s a r y  t o  i n s u r e  t h a t  t h r e e  ground 
s t a t i o n s  a r e  s u f f i c i e n t  t o  a d e q u a t e l y  s p e c i f y  t h e  ground p a t t e r n  
c h a r a c t e r i s t i c s .  
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